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Abstract 
 
Mafic and ultramafic xenoliths and xenocrysts are abundant in alkali volcanic and 
hyperbyssal systems intruded within the Permo-Triassic Sydney Basin of eastern Australia. 
The locality of one of these dykes from Bombo Headland, along the New South Wales 
coastline was studied in detail to provide information on the crust and mantle below Sydney 
Basin. The host rock of the dyke is a Permian latite flow interpreted to be related to back-arc 
activity behind an arc to the east. The dykes contain abundant xenoliths of gabbro and dunite 
with minor amounts of eclogite, metasedimentary rocks and granitoids. 
 
Xenoliths of gabbro are coarse-grained olivine-bearing with well preserved plutonic igneous 
textures. SEM-EDS analyses integrated with petrographic studies recorded three types of 
olivines with different #Mg. Most magnesian are olivine xenocrysts as aggregates, which 
show textural evidence of reaction with dyke magma. These are interpreted as small 
fragments of mantle dunite. Intermediate #Mg olivines occur in the gabbro clasts in the dyke. 
Lowest #Mg olivines are euhedral phenocrysts within the dyke that are in textural 
equilibrium with their matrix. 
 
A separated ovoid inclusion of gabbro yielded abundant zircons with a Jurassic age of 204.6 
± 4.6 Ma. This is interpreted as giving the maximum age of the dyke. A random sample of 
the dyke with abundant compositionally different gabbro clasts and some metasedimentary 
clasts yielded several zircon ages. Small pitted zircons with ages ≥ 300 Ma are interpreted as 
derived from Lachlan Orogen basement. However most of the zircons are large euhedral 
magmatic grains with a Carboniferous age of 303.8 ± 5.5 Ma. These have high Th/U ratios 
and are interpreted as giving the age of the gabbro xenoliths. The Carboniferous gabbro 
xenoliths provide the first definitive evidence supporting the existence of a mafic gabbroic 
pluton underlying the Sydney Basin.  
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Chapter One- Introduction 
1.1 Introduction 
Xenoliths and xenocrysts are abundant in post-Permian alkali volcanic and hyperbyssal 
systems in eastern Australia, derived from higher pressure deep crustal or mantle sources 
(Sutherland and Hollis 1982). Emplacement of xenoliths occurs when a rock fragment 
becomes enveloped within a host mantle-derived magma. In the southern Sydney Basin, 
xenolith-bearing dykes were intruded into the Broughton Formation, which is the basal part 
of lower Upper Permian (264-263 Ma) Gerringong Volcanic Complex (Carr and Jones 2001; 
Campbell et al. 2001).  
 
This project will investigate two loose block samples collected from a dyke thought to be 
hidden in a deep gully within an inlet located on Bombo Headland. As the in-situ dykes and 
their inclusions are protected, this gives the opportunity to characterise the deep crust and 
uppermost mantle under the Illawarra part of the Sydney Basin, via an integrated programme 
of petrography, mineral and whole rock geochemistry and U-Pb zircon geochronology. This 
new research will provide reappraisal of previous studies that acquired limited datasets and 
only produced generalities. The results will produce the first definitive age on the dykes and 
profile the age and provenance of its xenoliths, related to assessing the continuity of Lachlan 
zones and deep crustal-upper mantle structure under the Sydney Basin. 
 
1.2 Aims and Objectives 
 
The aim of this project is to sample and characterise the pre-Permian basement under the 
Illawarra by documenting the xenoliths within a basalt dyke at Bombo Headland near Kiama 
NSW via U-Pb zircon dating, petrography and whole rock and mineral chemistry.  
 
The anticipated outcomes and results for this project is to access the age and nature of the 
deep crust beneath the Sydney Basin. In order to accomplish the aims of this project the 
following manageable objectives have been set: 
 
i. Construct a geological map of Bombo Headland; identifying geologic units 
(lithologies) and intrusive dyke orientations. 
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ii. Describe regional geological units and associated igneous processes. 
iii. Document xenoliths within the two sectioned loose block samples obtained from 
Bombo dykes. 
iv. Undertake detailed petrographic analysis of the dykes and xenoliths, to determine 
their mineralogical assemblage, textural relationships, mineral equilibria and likely 
protoliths. 
v. Determine major and trace element chemistry by XRF for whole rocks (xenoliths) 
and by energy dispersive analysis (SEM) and LA-ICP-MS for minerals in polished 
thin sections. 
vi. Use SHRIMP (ANU) to date zircons by the U-Pb method to determine the age of 
xenoliths and potentially the age of the host dyke if magmatic zircons are present. 
 
1.3 Background 
 
     1.3.1 Eastern Gondwana Continental Growth and Break-up 
The supercontinent Gondwana consists of Archaean-Proterozoic continental nuclei that were 
amalgamated together by Meso-Neo Proterozoic continents forming the supercontinent 
Rodinia (Veevers 2006). Following the breakup of Rodinia, long-lived subduction occurred 
along Eastern Australia throughout the Phanerozoic (Veevers and Powell 1990). The eastern 
region of Gondwana (East Gondwana) is characterised by several landmasses including 
Antarctica, Australia, India, Madagascar and New Zealand as well as parts of southern Africa 
and South America (Figure 1.1). East Gondwana is characterised throughout the Palaeozoic 
by crustal accretion, either by Andean margin systems (Fergusson and Henderson 2015) or 
suturing of island arc exotic terranes (Aitchison and Buckman 2012; Buckman et al. 2015). 
The Precambrian anatomy of Gondwana and its long-lived Palaeozoic accretionary margin 
that extends through eastern Australia is summarised in Figure 1.1. The Mesozoic subduction 
record peripheral to eastern Gondwana is now largely held in Zealandia, following the 
opening of the Tasman Sea (Mortimer et al. 2010).  
 
During the mid-Carboniferous, deformation and plutonism of the Lachlan Fold Belt within 
central-eastern Australia terminated between 350-320 Ma, resulting in a new Permian system 
of subduction with development of an andesitic arc-foreland basin (Bryan et al. 1997). This 
system terminated with the Permo-Triassic Hunter-Bowen Orogeny (Veevers 2006). This 
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orogeny resulted from extension to the northeast (Figure 1.2, (C)), with westerly-directed 
thrusting over the craton to form a foreland basin that is represented by the Triassic strata in 
the Bowen-Gunnedah Basin (Veevers 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: Reconstruction of the Gondwana supercontinent indicating the various orogenies at the close of the 
Palaeozoic including the Lachlan Fold Belt. From (de Wit et al. 1988) with modifications after (Myers et al. 
1996; Gray et al. 2008; Boger 2011; Fegusson et al. 2015). AFMB- Albany-Fraser-Musgrove belt; DO- 
Delamerian Orogen; NAC- North Australian Craton; SF- Sao Francisco Craton; TC- Tanzania Craton and 
WAC- West Australian Craton. 
 
The Sydney Basin formed between the New England Orogen and the older Lachlan Fold 
Belt, and its back-arc related Permian portions are characterised by marine deposits with 
glendonites and ice-rafted debris (Veevers and Powell 1990). Eastern Australia once 
occupied by alpine-type glaciers, intermittently deposited glacial sediment eastward, mixing 
with volcanolithic sandstone deposits in the back-arc basin of eastern Australia during the 
late Carboniferous to Permian (Campbell et al. 2001; Veevers 2006). These Permian rocks 
were succeeded by the Triassic Hawkesbury Sandstone unit which marks a regression with 
deposition of fluviatile sandstones from a major braided river system. The source of the 
clastics in the Hawkesbury Sandstone is controversial, but Veevers (2006) suggests it was 
sourced southwards from Antarctica, then contiguous with Australia. 
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Figure 1.2: A palaeogeographical representation of Australia throughout several transition periods. (A) 320 Ma 
(mid-Carboniferous). B-R= Beardmore-Ross; C-E= Central-eastern; GWP= Great Western Plateau; K= 
Kimberley. Thick + indicate granite emplacement, thick V indicate volcanics. (B) 302-280 Ma (Permo-
Carboniferous). Arrows indicate ice flow. (C) 250 Ma (Permian-Triassic transition). Asterisks indicate impact 
craters. B= Bedout; G= Gnargoo. (D) 227-200 Ma (Late Triassic). EP= Exmouth Plateau. (E) 120 Ma Aptian 
(early Cretacous). The triangle indicates glaciation. (F) 99 Ma (mid-Cretaceous). CD= Ceduna depocentre, from 
(Veevers 2006). 
 
 
The Mesozoic activity is confined to the eastern margin of Australia with Triassic and 
Jurassic volcanism (Wellman and McDougall 1974). Cenozoic igneous provinces apparent in 
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eastern Australia (e.g. the Southern Highlands) exhibit arc-related to hotspot activity 
(Wellman 1983). The combination of Cretaceous sea floor spreading and subsequent 
Cenozoic hotspot activity contributed to volcanic intrusions (basaltic dykes) evident along the 
Cenozoic coast of Australia. These dykes occur along the east coast of Australia and intrude 
the Permo-Triassic Sydney Basin. The earliest of these dykes are considered to be early 
Jurassic in age, indicating occurrence of alkali basaltic episodes during breakup of the eastern 
fringe of Gondwana (Wellman and McDougall 1974). 
 
     1.3.2 Tasman Sea Opening and Zealandia 
Zealandia is a large continental crustal ribbon that rifted away from Gondwana during the 
Cretaceous (~90 Ma). It is comprised of arc-related igneous rocks of Triassic to early 
Cretaceous age; separating from Australia, New Caledonia and New Zealand within the 
southwest Pacific Ocean (Sutherland 1999; Bache et al. 2014). Zealandia moved away from 
Australia and Antarctica as the Tasman Basin began to open ~ 84 Ma, possibly emplacing 
basaltic dykes along Gondwana’s eastern margin (Bache et al. 2014). The Cretaceous-
Cenozoic extensional tectonic events that reshaped the Eastern Gondwana/Zealandia margin 
(Sutherland 1999), are summarised in five broad phases in Figures 1.3 and 1.4. 
 
The present day tectonic regime is dominated by a Cenozoic arc and back-arc system 
extending from the New Zealand continental crust to the Tonga-Kermadec intra-oceanic 
subduction zone (Bache et al. 2014). Eastern Australia experienced widespread uplift and 
denudation during the Cenomanian (mid Cretaceous; Laird and Bradshaw 2004) coinciding 
with the onset of continental extension at ~ 95 Ma. Prior to this subduction had ceased along 
eastern Gondwana during the Cretaceous (Gallagher et al. 1994; Bache et al. 2014). The 
rifting of the Tasman Basin and separation of Zealandia from eastern Gondwana marks 
potential times of dyke emplacement at Bombo Headland.  
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Figure 1.3: A simplified reconstruction of the evolution of the southwestern Pacific, described in five broad phases of tectonic evolution as a result of rifting and separation. 
(A) Triassic to early Cretaceous (>100 Ma) phase of the eastern Gondwana margin, characterised by the southwest-dipping subduction of the Pacific-Phoenix plate. (B) The 
second phase (100-85 Ma) is characterised by widespread intracontinental rifting (break-up) and extension. (C) The third phase corresponds with the opening of the Tasman 
Sea and isolation of Zealandia. (D) and (E) The fourth and fifth tectonic phases are associated with the Cenozoic initiation and evolution of Tonga-Kermadec subduction. 
Observations presented in this study are located on the Zealandia fragment of Gondwana (red stars), from Bache (2014). 
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Figure 1.4: Palaeographic map of the events leading to the separation of Zealandia from eastern Gondwana 
during the Mid-Cretaceous prior to the Gondwana breakup. Basins are marked; TB: Taranaki Basin, FB: 
Fairway Basin. C-F: Capel-Faust Basin, NEFB: New England Fold Belt, LFB: Lachlan Fold Belt and SB: 
Sydney Basin. From (Bache et al. 2014). 
 
 
The late Cretaceous to Eocene Tasman Basin opened via several extensional episodes 
resulting in a complex sea-floor spreading and rifting event accompanied by basaltic 
magmatism (Hayes et al. 1973; Moore et al. 1986; Higgins et al. 2011). The first of several 
stages of south to north rifting (Gaina et al. 1998a; 1998b) began at about 84 Ma at a slow 
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half spreading rate of 3.1 ± 2 mm/yr. This was followed by more consistent rifting between 
the southern part of the Lord Howe Rise, the Challenger Plateau and the middle Lord Howe 
Rise from about 74 Ma to 50 Ma. This concluded the separation from Australia (Figure 1.5). 
North Lord Howe Rise and Dampier Ridge exhibit several strike-slip faults orientated NE-
SW along the eastern Australian margin transform fault which was active from ~ 68 to 61 Ma 
(Gaina et al. 1998b). The East Tasman Plateau in the South Tasman Sea separated from 
Tasmania at about 83 Ma (Moore et al. 1986; Gaina et al. 1998b). Cenozoic hotspot 
volcanism (Duncan 1981) contributed to the rifting from the north as spreading continued 
throughout the Tasman Basin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5: Map of the southwest Pacific region showing Australia (red), Tasman Basin (blue) and the geologic 
features (yellow); Lord Howe Rise, Norfolk Ridge, Chatham Rise and the Campbell Plateau. From (Burns and 
Andrews 1972). 
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At ~79 Ma to 53.3 Ma the half spreading rate in the Tasman Basin increased to about 20 ± 2 
mm/yr and continued at this rate (Gaina et al. 1998a). Decreasing to 16 ± 2 mm/yr, further 
sea-floor spreading between 72 Ma and 68 Ma causing a transtension period as a result of 
NE-SW to NNE-SSW spreading, as rifting in the northern Tasman Sea terminated (Gaina et 
al. 1998a; Gaina et al. 1998b). Around 61.2 Ma decreasing rates in sea-floor spreading saw 
rifting terminate north of the Lord Howe Rise (Gaina et al. 1998a; Gaina et al. 1998b). Final 
stages of sea-floor spreading terminated ~ 61.2-53.3 Ma (McDougall and Wellman 1976). A 
change of spreading direction from north to south occurred, drastically slowed the spreading 
rate (Gaina et al. 1998b) that marked the end of rifting in the Tasman Basin. 
 
     1.3.3 Hotspot Track 
Eastern Australia now consists of a passive margin that is host to Cenozoic mafic intraplate 
magmatism (Figures 1.6 and 1.7). The combination of sea-floor spreading and hotspot traces 
in the Tasman Basin relate to tectonism in the underlying mantle (Duncan 1981; Wellman 
1983) over a period of at least 100 million years. Besides the opening of the Tasman Basin, 
the late Cenozoic hotspots of the Tasmanid and Lord Howe Seamount Chain are broadly 
coeval with the emplacement of intrusions in Eastern Australia. This hotspot activity is 
another possible mechanism of dyke emplacement at Bombo Headland. 
 
10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.6: Map indicating intraplate magmatism along eastern Australia, indicating the positions of the Eastern 
Australian hotspot, Tasmanid hotspot and the Lord Howe hotspot. Between the Eastern Australian and 
Tasmanid hotspots are smaller plumes active during the Tasman Basin rifting events. From (Meeuws et al. 
2016) modifications after (Cohen et al. 2008; Blewett 2012). 
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Figure 1.7: A palaeogeographical representation of the Sydney Basin during the back-arc extension phase, 
during the Permian to mid Triassic. Site of Bombo Headland is indicated in the red box. From (Shi and 
McLoughlin 1997). 
 
     1.3.4 Lachlan Fold Belt Orogeny 
The Lachlan Fold Belt was once part of a Palaeozoic convergent plate margin (Foster and 
Gray 2000). The Lachlan Fold Belt (Figure 1.8) is a structurally complex Palaeozoic 
tectonothermal event dominating the southeastern region of central Australia (Collins and 
Vernon 1992). The influence of arc growth and migration of deformation zones migrate 
synchronously across the fold belt (Collins and Vernon 1992; Aitchison and Buckman 2012). 
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The eastern Lachlan Fold Belt is characterised by Ordovician to Devonian units dominated 
by a north-south structural grain, with an east directed thrust system (Foster and Gray 2000). 
The Lachlan Fold Belt is characterised by three distinctive sub-provinces in which the eastern 
province contains the nearest exposures to Bombo Headland; to the west and the south of the 
location respectively. Such rocks are thought to extend under the Illawarra, to form the 
basement at the Bombo locality. 
 
 
Figure 1.8: Satellite image of the New South Wales coastline with geology map dataset overlain, created in 
Google Earth. The image shows the distinction between the Lachlan Fold Belt in the east to the southern Sydney 
Basin in the east; marked by the yellow pins, with relevant ages obtained by Geoscience Australia and (Collins 
and Hobbs 2001) in relation to where the samples were collected at Bombo Headland (yellow pin named 
‘Sample’). 
 
 
The Lachlan Fold Belt’s nearest exposures (Figure 1.8) to Bombo Headland are the 
Ordovician Tallong conglomerates ~ 70 km to the west. The nearest dated outcrops are the 
Marulan Batholith (early Devonian, 416.7 ± 3.1 Ma) (Chenhall et al. 1988; Foster et al. 
2000). The southern exposure closest to Bombo is near North Durass ~ 135 km south along 
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the New South Wales coastline and consists of the late Cambrian to early Ordovician 
Adaminaby Group and Narooma Complex; composed of shales and siltstones. Other 
lithologies along the Sydney Basin-Lachlan Fold Belt boundary south of the Marulan 
Batholith include shales (late Cambrian to early Ordovician 541-443 Ma), the Narooma 
Complex (Figure 1.8) limestone units (late Silurian to early Devonian), interbedded 
sandstones and mudstones and cherts (Ordovician 491-443 Ma) and  I-type volcanic rocks 
among sedimentary deposits (Devonian to Carboniferous 419-359 Ma). Mid Carboniferous 
(~ 320 Ma) granitoid plutons (e.g. the Bathurst Granite Suite) are scattered throughout the 
eastern subprovince (Foster and Gray 2000). Several intervals of north-south trending I-type 
and S-type granitoids within the Lachlan Fold Belt extend as far east as the New South Wales 
coastline. 
 
Further north into the southern Gunnedah-Bowen Basin, granitoid plutons cover large areas 
within the Gilmore Volcanics Group (347-331 Ma), the Newtown Formation (346-330 Ma) 
and the Tamby Creek Formation (303 ± 2.4 – 300 ± 2.4 Ma), signifying Mid to Late 
Carboniferous ages thought to be under the Illawarra basement. Ages from the New England 
Orogeny and the northern Lachlan Fold Belt consistent with these ages are the, Merlewood 
Formation (346-330 Ma), Dunkheld Granite (340-301 Ma), Bathurst Granite Suite (330- 325 
± 7 Ma), Durandal Granite (318 ± 17 – 305 ± 10 Ma), Evans Crown Granite (312 Ma) 
Currabubla Formation (302 ± 4 – 293 ± 4 Ma) and the Gunnedah Volcanics (300 ± 8 -256 
Ma). These ages correspond with the Permian rifting of the Carboniferous arc and fore-arc of 
the Tamworth Belt (Collins 1991) as subsidiary meridional troughs within the back-arc 
environment led to the creation of the Sydney Basin to the south-east. 
 
     1.3.5 Sydney Basin 
The Sydney Basin (Figure 1.9) consists of a sequence of Permo-Triassic sedimentary rocks 
deposited in a foreland basin behind the New England Orogen to the east. It consists of 
marine to non-marine sedimentary sequences with some volcanic rocks (Tye et al. 1996; Shi 
et al. 1997). The Permian succession unconformably overlies the highly deformed 
metamorphosed Lachlan Fold Belt to the west and south of the basin (Shi and McLoughlin 
1997). In the southern part of the Sydney Basin, the sequence is much thinner than the 
northern regions and is essentially undeformed. The northern margin of the basin is marked 
by the Hunter-Mooki thrust where Carboniferous rocks of the New England Orogen thrust 
westward over the Sydney Basin (Figure 1.9). Bombo is situated in the largely undeformed 
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southeastern region. (Figure 1.9; Campbell et al. 2001). The Permian Shoalhaven Group and 
Bumbo latite member are the immediate host of the studied dyke. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.9: A simplified structural outline map showing the Sydney Basin; the map shows the location of the 
Lachlan Fold Belt to the west of the succession. The location of Bombo Headland is in the red box. From (Shi 
and McLoughlin 1997). 
 
During the late Carboniferous to early Permian there was limited back-arc extension relating 
to development of the New England Orogen to the east (Hayes et al. 1973; Morley et al. 
1981). Passive thermal sag commenced as rifting ceased due to minimal activity in the 
southern part of the arc system. Through much of the Permian, there was accumulation of 
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volcanic-derived lithic sandstones, punctuated by back-arc related volcanic flows (Scheibner 
1993). These were deposited on the subsiding cratonic margin, which locally comprised the 
Lachlan Fold Belt (Barry 1997). Several ages have been obtained on the basin’s Permian 
rocks closest to Bombo. By U-Pb zircon method, the nearest ages include tuff outcrops within 
the Broughton Formation located in the Wollongong area (263.51 ± 0.05 Ma) and the 
Illawarra Coal Measures at the Nattai River (253.59 ± 0.05 Ma and 254.10 ± 0.07 Ma), as 
well as the Garie Formation at Bulli Tops (247.87 ± 0.11 Ma) as documented by Metcalfe et 
al. (2015). 
 
With the Hunter-Bowen Orogeny at more-or-less Permo-Triassic transition, there was a 
marked change in sedimentation (Hayes and Ringis 1973). The Permian shallow marine 
volcanoclastic sandstones gave way first to a regressive coastal plain/swamps facies and then 
in the Triassic to the extensive Hawkesbury sandstone of quartz sandstones deposited in an 
extensive fluviatile system (Hayes et al. 1973; Morley et al. 1981; Barry 1997). 
 
1.4 Locality 
 
Xenoliths are abundant within the basaltic dykes at Bombo Headland, where this study 
focuses. Bombo Headland is located approximately 1 km north of north of Kiama on the New 
South Wales coastline (Figure 1.10 a, b). Bombo lies approximately 135 km from the nearest 
exposures of the Lachlan Fold Belt just north of Batemans Bay to the south and 
approximately 70 km near Tallong to the west. The Broughton Formation is a stratigraphic 
unit within the southern Sydney Basin, forming the basal part of lower Upper Permian (264-
263 Ma) Gerringong Volcanic Complex (Carr et al. 2001; Campbell et al. 2001) where 
members exhibit shallow regional dips of 2-3° to the northwest. 
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Figure 1.10: Satellite image of Bombo Headland, created in Google Earth. (a) The image shows the location of Bombo Headland in relation to the Kiama Township. (b) The 
image shows the positions of all basalt dykes within the Bumbo latite member; they are numbered 1 to 8 in order from north to south.
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Chapter Two- Geology and Fieldwork 
2.1 Introduction 
 
This chapter provides detailed description of the geological setting of Bombo Headland, 
including descriptions of the basaltic dykes and xenoliths present. Xenoliths are abundant in 
alkali volcanic sequences throughout the Sydney Basin. In the southern Sydney Basin, 
xenolith-bearing dykes were intruded into the Broughton Formation at Bombo Headland. A 
Permo-Triassic aged Bumbo latite dominates Bombo and a small volcanic breccia unit locally 
overlies the older Kiama sandstone member at the southern end of the headland. The earliest 
of documentation on Bombo was by James Dana and William Clarke in 1840, in which Dana 
famously sketched the columnar jointing within the latite. Primarily used as a quarry until 
1983, Bombo was then listed under a permanent conservation order before listed onto State 
Heritage Register in 1999. 
 
The earliest record of the dykes and their xenoliths is from Jaquet et al. (1905). Descriptions 
of the entire Kiama region is documented, although differentiating the Bombo dykes is 
difficult due to no latitude and longitude systematic recording and lack petrographic 
examination. The early works of Wilshire and Binns (1961), Sutherland and Hollis (1982) 
and Wass and Shaw (1984) briefly documented xenoliths present within a single dyke, 
indicating they are mostly mafic and ultramafic rocks sourced from the lower crust and upper 
mantle. Given that Bombo has not been documented in full detail, this new research will 
provide reappraisal of the previous studies which acquired limited datasets producing 
generalities. This chapter outlines an in-depth geological description of the site, in contrast 
with mapping and sampling. 
 
2.2 Geological Setting 
     2.2.1 Bombo Headland 
Bombo Headland is situated within the Gerringong Volcanic Complex and the Broughton 
Formation’s four lowest members (from oldest to youngest) are the Westley Park sandstone, 
the Blow Hole latite, the Kiama sandstone and the Bumbo latite respectively (Carr 1984). At 
Bombo headland basaltic dykes intrude the Bumbo latite and Kiama sandstone (Carr et al. 
1999; Carr et al. 2001).  The Bumbo latite is an extrusive lava flow within the Sydney Basin 
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that reaches a maximum thickness of ~150 m at Saddleback Mountain (Bowman 1974; Bull 
et al. 1989; Carr 1998; Carr et al. 2001) but with an average thickness of ~ 60 m (Bowman 
1974), to the south. The Sydney Basin units dip gently to the north at about 3-5° and are 
essentially undeformed and unaltered. The Bumbo latite is a porphyritic shoshonitic basalt 
(Joplin 1965; Carr et al. 2001) and is divided into two flows (upper and lower) (Peterson 
1999). An age of 249 ± 0.7 Ma has been obtained by Rb-Sr dating (Wass and Shaw 1984). 
The Bumbo latite overlies the shallow marine Kiama sandstone unit that crops out at the 
southern end of the headland.  
 
 
 
 
 
 
 
 
 
Figure 2.1: A schematic diagram displaying the palaeoenvironmental reconstruction of the deposition within the 
lower part of the Broughton Formation. (a) Westley Park and Kiama sandstone deposition interleaved with 
volcanism. (b) Emplacement of the Blow Hole member, storm activity and longshore currents elevate the storm 
wave base, developing and preserving Hummocky cross-stratified sandstone (HCS) in associated sedimentary 
rocks. (c) Bumbo latite emplacement occurs, succeeding earlier flows now buried by volcanogenic sandstones 
(Westley Park and Kiama Sandstone; from Bull and Cas 1989). 
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The underlying Late Permian Kiama sandstone has a maximum thickness of 76 m at Kiama 
and an average thickness of ~ 30 – 50 m (Bowman 1974). Two small outcrops of hyaloclastic 
volcanic dome breccia (Peterson 1999) are exposed between the Bumbo latite and Kiama 
sandstones units (Figure 2.2) at the northern part of the southern headland resulting from a 
probable steam explosion during eruption of the Bumbo latite (Peterson 1999).  
 
The Bumbo latite consists of flows up to 150 m thick (Carr 1984; Carr 1998). There has been 
debate surrounding the flow direction and source of the Bumbo latite and other basaltic units 
in the Kiama/Bombo area. A flow direction from the west-southwest is suggested by 
thickening of the Bumbo latite in the west, possibly pointing to an eruption from Saddleback 
Mountain (Bull et al. 1989; Carr et al. 2001, Figure 2.1). Palaeosols at Saddleback Mountain 
indicate a subaerial environment. Campbell et al. (2001) interpreted the Bumbo latite flows as 
having been erupted from the subaerial and subaqueous slopes and fissures or vents of a 
shield volcano  ~ 10 km offshore, from which they suggested the volcanic source was located 
to the south-southeast of Kiama (Gerringong Volcanic Complex).  
 
 
Figure 2.2: Photograph illustrating the contact between the three units at Bombo Headland. The top unit is the 
Bumbo latite (light to dark grey), underneath is the Kiama sandstone (reddish) and to the bottom right the 
breccia (mixed greens, purples and browns). Notebook on the breccia for scale. 
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     2.2.2 Basaltic Dykes 
At Bombo, there are eight basalt dykes extruded through the Bumbo latite member, as well as 
an unseen ninth dyke which is suspected to lie within a deep gully within a southern inlet 
(refer to Figure 1.10 b). Two types of dykes recorded at Bombo Headland are termed 
monchiquite and olivine-basalt (Jaquet et al. 1905). The dykes are distinguishable due to their 
chemical composition and characteristics. The basaltic dykes at Bombo exhibit 
ferromagnesian igneous mineral assemblages of brown hornblende, olivine and titanaugite, 
and the majority of dykes are monchiquite (Wilshire and Binns 1961). Most of the basaltic 
dykes are orientated with a northwest-southeast trend, while others trend more east-west. One 
of the dykes has been well studied (Jaquet et al. 1905; Wilshire and Binns 1961; Sutherland 
and Hollis 1982; Wass and Shaw 1984) previously, thought to be no. 7 (Figures 1.10 b, 2.1). 
This dyke ranges from approximately 1.5 to 2 metres in width. The dyke contains various 
xenoliths making up approximately 60% of the fissure. The dykes have only been described 
by hand specimens. 
 
Two ages have been acquired on the dyke, ~ 191 Ma by Rb/Sr dating (Wass and Shaw 1984), 
200 ± 3 Ma obtained by K/Ar dating (Sutherland et al. 1985). The Jurassic emplacement of 
the dyke is evidence of high heat flow at that time (Wass and Shaw 1984). The mantle 
xenoliths are overall REE enriched, perhaps due to supra-subduction zone processes during 
earlier subduction events (Wass and Shaw 1984). The Jurassic high heat flow demonstrated 
by the dykes is considered a precursor to the opening of the Tasman Sea (Wass and Shaw 
1984). 
 
     2.2.3 Xenoliths 
The xenoliths in the Bombo area consist of mafic and ultramafic rocks sourced from the 
lower crust and upper mantle, and as recorded by Wilshire and Binns (1961) the lithological 
variety of xenoliths (Table 2.1) is broader, if dykes from outside the study area are included 
(Jaquet et al. 1905; Sutherland et al. 1982; Wass et al. 1984). 
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Table 2.1: Comparison of the recorded xenolith and host rocks from the Eastern Australian coast of the Sydney 
Basin, described in Bombo age dykes, Cenozoic dykes and dykes of unknown age. From (Jaquet et al. 1905; 
Wilshire et al. 1961; Sutherland et al. 1982; Wass et al. 1984). 
 
Xenoliths Bombo age dykes (200 
Ma) 
Cenozoic dykes (66 
Ma to present) 
Dykes of unknown 
age 
Eclogite      
Pyroxenite       
Hornblendite      
Glimmerite     
Norite     
Gabbro      
Peridotite       
Olivine Basalt     
Lamprophyres     
Trachyte      
Xenocrysts    
Clinopyroxene     
Garnet      
Diamond     
Olivine      
Spinels     
Plagioclase     
Biotite      
Apatite      
Mica     
Magnetite     
Amphibole       
Labradorite      
Augite      
Feldspar      
 
 
The lithological diversity of the xenoliths (hornblende-biotite peridotite, peridotite, 
pyroxenites and granites; Wilshire and Binns 1961) suggest they were derived from diverse 
parts of the lithosphere. These rocks show evidence of solid-state deformation (Wilshire et al. 
1961; Wass et al. 1984). Theories surrounding the origin of peridotite xenoliths include the 
accidental incorporation of peridotite intrusion fragments, differentiated ultrabasic intrusions 
and the accumulation of precipitated crystals from host magmas (Wilshire and Binns 1961).  
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2.3 Fieldwork 
 
     2.3.1 Sample Collection 
Two loose block samples were collected at the abandoned coastal Bombo Quarry, New South 
Wales and donated for this study by A.P. Nutman. A two day fieldtrip was conducted to the 
site in early February, 2016. The location (by GPS) of notable geological features were 
recorded in the field, including measurements of the dykes and associated xenoliths and 
documenting the relation between the dykes and their host rocks. A geological map (Figure 
2.9) carries this information. The block samples were cut into five slices each, so revealing 
the xenoliths for sampling. Following initial appraisal, diverse inclusions were cut out for 
petrographic documentation and for a variety of geochemical analyses. 
 
     2.3.2 Field Observations 
Bombo Headland is an expansive approximately 750 metres long of igneous rocks, underlain 
by a shallow marine sandstone and with volcanoclastic material. The fine grained Bumbo 
latite member dominates the headland, covering approximately 70% of its extent. The 
greyish-light brown latite is exposed as a massive hexagonal columnar jointed basalt wall 
extending ~ 28 metres high (Figure 2.3 a, b) up to around the northern part of the headland. 
The latite is a potassium-rich basalt with of phenocrysts of plagioclase, pyroxene, iron-
titanium oxide, olivine, k-feldspar (Appendix A). The presence of phenocrysts within the 
latite suggests it is the result of two stages of cooling with earlier slower cooling when the 
phenocrysts grew. The phenocrysts are sparsely scattered or entirely absent in some areas. 
Faster cooling to give the fine-grained groundmass occurred upon eruption. The northern 
headland has been levelled out by the now-ceased quarrying. The intrusion of the eight basalt 
dykes is clearly visible along the coastline (Appendix A). 
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Figure 2.3: (a) Photograph of the columnar basalt wall with a smaller wall ~10 metres high in front of the 28 
metre wall located at the northern end of the headland. (b) A sketch from field observations of the same image. 
 
 
The abundance of xenoliths vary along individual dykes and between different dykes. 
Previous work indicated that identification in hand specimen was the only method used to 
document the majority of xenolith bearing dykes on Bombo Headland. The largest visible 
xenoliths found at Bombo are hornblende-biotite pyroxenite in a block of dyke material located 
between dykes no. 8 and 9 (Figure 2.4 a). An average size of 4.6 x 2.8 cm, where smaller 
more prominent xenoliths like augite (Figure 2.4 b) are just visible in matrix. Further 
descriptions in are Appendix A. 
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Figure 2.4: (a) Photograph of three xenoliths within a dyke matrix found on Bombo Headland. The xenoliths are 
hornblende-biotite pyroxenite inclusions. (b) Photograph of augite xenolith within dyke matrix. Both located 
between Dyke no. 8 and Dyke no.9. 
 
 
The southern end of the headland is comprised of the latite with abundance of vesicular basalt 
and bubbles (Appendix A), a section of volcanic Breccia exhibiting well exposed contact 
with the underlying shallow marine Kiama sandstone unit around the coastline. The purple-
reddish dome breccia is a mixture of rocks with angular shaped clasts of basalt (Appendix A) 
within a matrix, with an abundance of the zeolite laumontite (Jaquet et al. 1905; Wilshire and 
Binns 1961). The origin of the breccia is result of steam creating a blast effect caused by 
1100°C lava of the latite coming into contact with a wet and cold sandy seafloor protolith of 
the Kiama sandstone during the time of eruption (Figure 2.5 a, b). The water became 
entrapped between the latite and sandstone. As the water vaporised due to the hot lava and 
steam produced, the result of a blasting effect occurred displaying the clear contact between 
the units (Appendix A). The breccia unit is only exposed along the coastline and reaches a 
maximum thickness of ~ 2-3 metres. 
 
The Kiama sandstone represents a sandy seafloor protolith. Reddish-brown in colour, it 
follows around the southern end of the headland as it crops out on the shore platform. The 
sandstone consists of haematite (iron oxide) cement and contains a series of vertical cracks 
(joints) resulting from in response to tectonic forces following deposition. All measurements 
and averages are in Appendix A. 
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Figure 2.5: Photograph (a) showing the contact and relationship between the volcanic Breccia and overlaying 
Bumbo latite; backpack on latite member is scale. (b) A sketch from field observations of the same image. 
 
 
The eight dykes located at Bombo were thoroughly examined (Appendix A). Each dyke was 
photographed and described, with documentation of characteristics, measurements and 
associated xenoliths to document the relation between the dykes and their host rocks. All 
descriptions and information is seen in Appendix A.
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     2.3.4 Mapping 
A geo-referenced geological map on A3 satellite image was produced of the headland to 
document the lithologies and dykes present (Figure 2.6). The yellow unit indicates the 
Bumbo latite member which covers approximately over 80% of the headland. The red unit 
indicates the localised Kiama sandstone unit which covers approximately 15% of the 
headland and the blue unit indicates the volcanic breccia unit which was emplaced during a 
steam explosion seen covers approximately 5% of the total locality. The observed dyke 
intrusions were mapped in black solid lines, with projected directions in dashed black lines. 
The quarry cliff faces which are portrayed in light grey surround the entire locality and the 
position of the sample block collection is determined by the green circle. 
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Figure 2.6: Geological map produced to document the three lithologies present, the nine visual dykes, the 
unseen dyke and the location of the sample blocks. Image is produced by © Land and Property Information 
(2009). 
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Chapter Three- Petrography 
 
3.1 Introduction 
 
This chapter will present the petrography of 11 polished thin sections from the Bombo dyke 
block samples. The Bombo dykes consist of monchiquite (a lamprophye containing biotite 
and amphibole) and olivine-basalt cutting the Permian Bumbo latite. Abundant xenoliths 
derived from mafic and ultramafic sources in the lower crust and/or upper mantle are present, 
as well as felsic rocks and siliceous metasedimentary rocks. The petrography establishes the 
mineralogical composition, textures and phase equilibria, which is essential in determining 
the xenolith protoliths. Petrographic descriptions are supplemented by scanning electron 
microscopy imagery and mineral analysis by energy-dispersive X-ray spectroscopy (SEM-
EDS). For analytical details see Appendix D: SEM-EDS results.  
 
3.2 Methodology 
 
     3.2.1 Thin Section Microscopy 
The thin sections are in two sets (in case of laser ablation trace element analysis); five 30 
microns thick (i.e. standard thickness) and six approximately double thickness, which were 
prepared at the University of Wollongong. Petrographic examination was carried out using a 
Leica D2500P petrographic microscope with a mounted Leica DFC 400 camera which 
captured images of views of interest. Mineral abbreviations annotating the images use the 
Whitney and Evans (2010) modern expansion and revision for rock-forming minerals (see 
Table 3.1). 
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Table 3.1: Mineral abbreviations are in conjunction with those outlined by Whitney and Evans (2010). Apply 
these to all thin section descriptions below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     3.2.2 Energy-Dispersive X-Ray Spectroscopy (SEM-EDS) 
Scanning Electron Microscopy (SEM) imaging was conducted at the Innovation Campus in 
Wollongong. SEM analysis is ideally suited to the examination and analysis of 
microstructural features within rocks and minerals (Goldstein et al. 1992). In this method 
higher resolution imagery can be obtained at a higher magnification than by optical 
techniques. Phases are distinguished by brightness in the secondary electron image, which is 
due to the total atomic mass of the target (e.g., pyrite would appear brighter than quartz). 
Semi quantitative analysis of the phases can be made via EDS (Energy Dispersive 
Spectrometry) on SEM instruments. 
 
Symbol Mineral Name 
Afs alkali feldspar 
Amp amphibole 
Aug augite 
Bt  biotite 
Cb  carbonate mineral 
Chl  chlorite 
Cpx clinopyroxene 
Fsp feldspar 
Grt garnet 
Hbl hornblende  
Mc microcline 
Ol olivine 
Pl plagioclase 
Pyr pyroxene 
Qz quartzite 
Sa sanidine 
V vesicle 
Zrn zircon 
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The SEM uses an electron beam, carrying significant kinetic energy in order to generate a 
variety of different signals when focussed at the surface of a thin section. The electron-
sample interactions provide sample-derived information, such as chemical composition, 
crystalline structure and texture (Goldstein et al. 1992). A variety of signals are produced by 
electron-sample interactions, two of which play a very important role in SEM investigations; 
secondary and back-scattered electrons are produced on the firing of electrons at an angle of 
incidence to the solid specimen, some of which reach the detector. The instrument scans a 
fine scale electron beam over the specimen and using the information collected at a detector, 
reconstructs an electron image and digital raster maps from the signals generated within the 
target sample (based on elemental signatures; Goldstein et al. 1992). The SEM is routinely 
used with integrated analytical detectors, such as energy-dispersive X-ray spectroscopy 
(EDS). EDS when coupled with SEM allows for elemental characterisation of a sample. This 
is an extremely useful method to compliment standard petrographic analysis, because 
elemental maps can be produced and even layered to define mineralogical phases within thin 
section (Goldstein et al. 1992). 
 
The SEM-EDS analyses were carried out using the JEOL JSM-6490LA coupled to an Oxford 
Instruments X-maxn 80mm2 silicon drifted EDS detector. Two thin section samples with five 
areas were selected for analysis. The analysis was conducted at accelerating voltages between 
15-30 kV.  
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3.3 Description of the Studied Block 
 
Selected lithologically different xenoliths were designated separate sample numbers and are 
described below, together with a description of the dyke matrix. Two block samples of dyke 
(16BHA) and (16BHB) carrying diverse gabbroic inclusions were sampled from Bombo 
totalling a weight of ~ 10 kg. Mafic and ultramafic xenoliths of gabbro/syenite, gabbro-
peridotite and mantle dunite, with minor amounts of eclogite, metasedimentary rocks and 
granitoid clasts plus individual xenocrysts comprise the inclusion suite. A targeted 
gabbro/syenite xenolith (Figure 3.1 a) is a 23 – 24 mm pink rounded clast, the cut out sample 
of which included approximately 5% of the dyke matrix. Gabbro-peridotite xenoliths (e.g., 
Figure 3.1 d) range from 50 – 54 mm. The clasts are rounded white to light grey coarse-
grained, and take up approximately 15% of sample. Mantle dunite xenoliths (Figure 3.1 b, c) 
range from 25 – 39 mm. The clasts are light greenish-grey rounded to sub-rounded, which 
take up approximately 30% of the sample. Less voluminous inclusions of metasedimentary 
rocks range from 13 – 49 mm dark grey sub-rounded clasts. These show arrested melting 
haloes around them and form at the most 25% of the inclusion suite. 
 
 
 
Figure 3.1: Types of xenoliths within the two block samples; (a) Gabbro/syenite xenolith and (b) 
Metasedimentary clasts and mantle dunite xenoliths.
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Figure 3.1: Cont. (c) Metasedimentary clasts and mantle dunite xenoliths and (d) Gabbro-peridotite xenolith and 
metasedimentary rock. 
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3.4 Dyke Matrix  
 
     3.4.1 Optical Microscopy  
Olivine is the dominant phenocryst. The phenocrysts are euhedral and appear to be in textural 
equilibrium with the surrounding melt (Figure 3.2). However, the phenocrysts display 
variable degrees of hydrothermal alteration that is commonly concentrated on grain margins, 
as indicated by iron oxides + serpentine. The olivine is in textural equilibrium with the dyke 
matrix indicating it is magmatic. Large euhedral olivine phenocrysts dominate the field of 
view in Figures 3.3 and 3.4. Subhedral to anhedral phenocrysts approximately 2.7 x 2.2 mm 
(Figures 3.3 a, b) and 2.7 x 1.3 mm (Figures 3.3 c, d) appear to be in textural equilibrium 
with the matrix. Smaller phenocrysts of prismatic pyroxene occur, ranging from 100 - 300 
μm in size and are scattered throughout the dyke matrix. Olivine phenocrysts are set within a 
fine-grained groundmass dominated by alkali feldspar prismatic sanidine, pyroxene and 
plagioclase laths.  
 
The dyke matrix is high Al-Ti fine-grained basaltic magma. The sanidine crystals have a 
preferred orientation indicating flow of magma up to the time of solidification. The sanidine 
forms approximately 50 % of the matrix in all thin sections examined. Crystals range from 
100 - 250 μm in size respectively. 
 
 
 
 
Figure 3.2: 16BHA4_9 exhibits a single euhedral olivine grain. (a) PPL and (b) XPL exhibit the relationship of 
the olivine grain in textural equilibrium with the dyke matrix. 
 
34 
 
 
 
Figure 3.3: 16BHB1_4 exhibits a euhedral olivine crystal double thickness thin section. (a) PPL and (b) XPL 
exhibit an olivine shows alteration at fringes and along fissures associated with lack of evidence of 
corrosion/resorption. 16BHB1_5 exhibits a cluster of unaltered anhedral olivines double thickness thin section. 
(c) PPL exhibits olivine cluster unaltered due to magnesium rich composition, along with associated iron, 
calcium and silica suggesting iron oxides e.g. Pyrite (black). (d) XPL exhibits different colours of interference 
of olivine crystals, suggesting different orientations of cutting crystals. 
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Figure 3.4: 16BHB3_1 exhibiting two euhedral olivine crystals with alteration fissures and iron oxide + 
serpentine margins as product of the olivine. (a) PPL and (b) XPL exhibit corrosion around the rim of the 
crystal, resulting from contact with magma. 16BHB4_1 exhibits a singular euhedral olivine crystal. (c) PPL and 
(d) XPL exhibits alteration superimposed onto corrosion of the olivine.  
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     3.4.2 Large Olivine crystals interpreted as Phenocrysts- SEM Study 
Two varieties of large olivine crystals are present in the dyke matrix, those that are 
interpreted as phenocrysts, and others as xenocrysts. The SEM-EDS elemental imaging 
confirms the sharp euhedral margins of phenocryst olivines indicating equilibrium with the 
matrix (Figure 3.5). Iron is concentrated as oxide along alteration fissures. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5: Sample 16BHB1_4 SEM- EDS results. 
 
(a) Electron image of thin section from 16BHB1_4. (a1-a2) Discrete raster maps displaying the occurrence of 
Ca and Ti within the sample 16BHB1_4. 
(b) Layered image of thin section 16BHB1_4. (b1-b3) Discrete raster maps displaying the occurrences of Mg, 
Al and Fe within the sample 16BHB1_4. 
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     3.4.3 Large Alkali Feldspar crystals interpreted as Phenocrysts- SEM Study 
The edge of a single large alkali feldspar phenocryst is in equilibrium with the fine grained 
dyke matrix (Figure 3.6). The SEM-EDS elemental imaging confirms the feldspar to be K-
rich within the Mg-Ti rich dyke magma, with minor concentrations of Ca and Ba. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: Sample 16BHB2_4 SEM- EDS results. 
 
(a) Electron image of thin section from 16BHB2_4. (a1-a3) Discrete raster maps displaying the occurrence of 
Ti, Ca and Ba within the sample 16BHB2_4. 
(b) Layered image of thin section 16BHB2_4. (b1-b2) Discrete raster maps displaying the occurrences of K and 
Mg within the sample 16BHB2_4. 
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3.5 Pink Gabbro/Syenite Xenoliths  
 
     3.5.1 Optical Microscopy  
A single coarse-grained gabbro/syenite xenolith is pale in colour (Figure 3.7). The 
gabbro/syenite xenolith is a rare occurrence within the dyke sample. It has an alkali feldspar 
rich composition and contains < 5% quartz and almost no plagioclase in the examined thin 
section. Accessory minerals present include magmatic hornblende and biotite. Also present is 
calcite, which appears to have developed at nodes along interconnected fractures throughout 
the silicate phase (Figure 3.7). The syenite xenolith is globular in form, which suggests it was 
melting in the magma or was a felsic magma liquid at the same time as the mafic dyke 
magma. Chlorite alteration of the mafic igneous phases is present.  
 
 
Figure 3.7: 16BHB1_6 exhibiting a syenite xenolith. (a) PPL exhibits an alkali-feldspar rich syenite (b) XPL 
exhibits carbonate minerals (calcite) within the xenolith. 
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3.6 Gabbro and Pyroxenite Xenoliths 
 
     3.6.1 Optical Microscopy  
Gabbro with associated pyroxenite are the most common type of inclusion in the dyke. 
Evidence of deformation by distorted plagioclase multiple twinning suggests these are not 
cognate xenoliths and are likely to represent an older host rock disrupted by passage of the 
dyke magma. The mineralogy of the gabbros is augite, olivine, plagioclase, opaque oxides + 
magmatic hornblende + magmatic biotite.   
 
Peridotite appears as a polycrystalline aggregate of clinopyroxene + olivine in the field of 
view (Figure 3.8 a, b). Zircons are abundant within the gabbro xenoliths. As an example, a 
single zircon is seen within clinopyroxenes (Figures 3.8 c, d). Detection of zircons in these 
thin sections of gabbro xenoliths provide a linkage for the dominant zircon population 
discussed in Chapter 5. 
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Figure 3.8: 16BHB3_3 exhibits a mafic gabbro xenolith double thickness thin section. (a) PPL and (b) XPL 
exhibit dominant augite, olivine and < 10% plagioclase. NOTE: Fe (Ti) oxides are interstitial between silicate 
phases caused by late crystallisation. 16BHA4_10 exhibits peridotite xenolith double thickness thin section. (c) 
PPL and (d) XPL exhibit a clear zircon within dominant clinopyroxene. 16BHB3_5 exhibits a zircon in 
pyroxene grain of a gabbro xenolith double thickness thin section. (e) PPL and (f) XPL exhibit a clear zircon in 
pyroxene of a gabbro inclusion. 
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3.7 Monzonite Xenoliths 
 
     3.7.1 Optical Microscopy  
A monzonite xenolith with plagioclase + alkali feldspar + chlorite is documented in Figure 
3.9. Plagioclase shows distorted twinning. This suggests kinetic disequilibrium via disruption 
of the host rock from dyke magma (Figure 3.9 b). Magmatic biotite, hornblende and 
pyroxenes are widely replaced and pseudomorphed by chlorite (Figure 3.9 c, d). 
 
 
 
 
Figure 3.9: 16BHA4_6 exhibiting a diorite with quartzite and plagioclase. (a) PPL and (b) XPL exhibit 
distorted twinning of plagioclase which indicated disruption of the host rock by dyke magma. 16BHA4_7 
exhibiting monzonite with chlorite pseudomorphing plagioclase. (c) PPL and (d) XPL exhibit distorted 
twinning of plagioclase which indicated disruption of the host rock. Chlorite pseudomorphing plagioclase and 
magmatic biotite.  
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3.8 Olivine Xenocryst clusters interpreted as small Dunite Xenoliths 
 
     3.8.1 Optical Microscopy  
Magnesian olivine xenocrysts or clusters of grains are common within the thin sections 
(Figure 3.10). These are interpreted as mantle dunite xenoliths. A single xenocryst appears 
lighter in colour in plane polarised light than the phenocrysts described above indicating it is 
more magnesian. Alteration cracks with Fe oxide + serpentine occur within the olivine 
structure. Corroded edges of these olivines are seen in Figures 3.10 c, d, which are result of 
being out of equilibrium with the melt. 
 
 
 
 
Figure 3.10: 16BHB1_2 exhibits a cluster of relict anhedral olivines double thickness thin section. (a) PPL 
exhibits an unaltered (magnesium-rich) cluster of olivine crystals sparsely dispersed. Chlorite intrusions visible 
as water has come into contact with plagioclase. (b) XPL exhibits biotite, clinopyroxene, hornblende and 
pyroxene present intermixed with the olivine crystals. 16BHB2_3 a double thickness micrograph, exhibiting a 
cluster of two structurally different olivine crystals. (c) PPL exhibits lower grade feldspathic olivine crystals 
which indicate alteration on the fringes. (d) XPL exhibits orthopyroxene and iron oxides (pyrite-black). 
Corrosion is evident around the crystals’ rim on the singular olivine. 
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     3.8.2 Olivine Xenocryst clusters interpreted as small Dunite Xenoliths- SEM Study  
Olivine xenocrysts occur out of equilibrium with the dyke magma. The SEM-EDS elemental 
imaging demonstrates the corroded irregular margins of these olivines (Figure 3.11). These 
olivines are out of textural equilibrium with matrix, compared to the sharp euhedral margins 
of the interpreted phenocrysts within textural equilibrium (Figure 3.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11: Sample 16BHB2_3 SEM- EDS results. 
 
(a) Electron image of thin section from 16BHB2_3. (a1-a3) Discrete raster maps displaying the occurrence of 
K, Ti and S within the sample 16BHB2_3. 
(b) Layered image of thin section 16BHB2_3. (b1-b3) Discrete raster maps displaying the occurrences of Ca, Si 
and Al within the sample 16BHB2_3. 
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3.9 Metasedimentary Xenoliths 
 
     3.9.1 Optical Microscopy  
Metasedimentary xenoliths consisting of quartz + plagioclase + biotite occur within the dyke 
sample. On the right hand side of Figure 3.12 b, there is an edge of metasedimentary 
inclusion that consists of a polygranular aggregate of quartz. This is a selvedge around the 
interior of the inclusion that consists of quartz + plagioclase + biotite (Figures 3.12 and 3.13). 
The arkosic nature of the protolith suggests an immature sediment. Fractures across the 
xenolith are occupied by chlorite (Figure 3.12 c) with evidence of deformation in distorted 
twinning suggesting they are not cognate. 
 
 
Figure 3.12: 16BHA4_2 exhibits a quartzite inclusion. (a) PPL and (b) XPL exhibits a decompression ring on 
the quartzite’s fringe, indicative of chlorite precipitating SiO2 within the quartzite. 16BHA4_8 exhibits a 
quartzite inclusion with plagioclase and chlorite. (c) PPL and (d) XPL exhibit twinning of plagioclase with 
chlorite pseudomorphing the quartz fractures. 
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Figure 3.13: 16BHB3_4 exhibits a quartzite inclusion. (a) PPL and (b) XPL exhibits distorted twinning of 
plagioclase from passage of magma. 16BHB4_4 exhibits a quartzite inclusion with magmatic hornblende. (c) 
PPL and (d) XPL exhibits magmatic hornblende on upper left of the quartzite. 
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3.10 First discovery of Eclogite 
 
     3.10.1 Optical Microscopy  
The first discovery in a relict eclogite is recorded at Bombo Headland. This was detected in 
an exploratory thin section of the dyke, near the start of the project. A single euhedral garnet 
crystal that has been extensively pseudomorphed by chlorite. This resides at the edge of a 
xenolith in contact with the dyke matrix (right hand side of Figures 3.14 a, b). The altered 
garnet is in association with an intergrown network of clinopyroxene and altered plagioclase. 
Texturally this resembles decompressed eclogitic omphacitic clinopyroxene. Upon high 
temperature decompression the omphacite underwent exsolution into low Na-Al 
clinopyroxene and plagioclase. Thus on textural evidence, this xenolith is interpreted as a 
decompressed eclogite.  
 
This eclogite is compared to a fresh eclogite decompressed under high temperature in Figure 
3.15 courtesy of Prof. Allen Nutman and Petroscope. The fresh eclogite shows the original 
eclogitic assemblage of garnet and clinopyroxene which has suffered high temperature 
decompression, followed by amphibolite facies transgression with fluid ingress. 
 
 
Figure 3.14: 16BHA4_1 photomicrograph exhibiting a pseudomorphed relict eclogite within the surrounding 
dyke matrix. (a) PPL exhibits a pseudomorphed garnet singular crystal, with surrounding groundmass of fine-
grained alkali basaltic dyke material.  Inferred chlorite within the garnet is indicative of plagioclase coming into 
contact with water during or in between tectonic processes. (b) XPL major omphacite apparent after 
decompression into diopside and plagioclase indicting a shift from magmatic crystallisation into high pressure 
metamorphism.  
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Figure 3.15: Photomicrographs of fresh eclogite decompressed obtained from Petroscope courtesy of Prof. Allen 
Nutman.  
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3.11 Hornblende-rich Cognate Xenoliths 
 
     3.11.1 Optical Microscopy  
 
Hornblende-rich xenoliths are common within the thin sections. A brown hornblende 
phenocryst (Figure 3.16 a) dominates the field of view. Accompanying accessory minerals 
are biotite and pyroxenes. A carbonate (calcite) inclusion is enveloped within the hornblende 
xenocryst. There is also minor inclusions of elongated vesicles in the top right hand side of 
Figure 3.17 b indicating the fluid-rich character of the magma. 
 
The large hornblende has a strong brown pleochroism that is typical of (kaersutitic) magmatic 
hornblende and is found in association with biotite (Figures 3.16 a, b). The hornblende 
encloses polycrystalline aggregates of olivine + pyroxene (Figures 3.16 c, d) and displays an 
ophitic texture with feldspar (Figures 3.16 e, f). The hornblende + biotite appears to be in 
textural equilibrium with the surrounding dyke matrix (Figures 3.16 a, b) and therefore are 
interpreted as cognate phases- slowly crystallized at depth and then incorporated as 
‘phenocrysts’ in the dyke magma. 
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Figure 3.16: 16BHB2_1 exhibits a brown hornblende inclusion. (a) PPL exhibits biotite and pyroxene around a 
carbonate mineral within the hornblende inclusion. (b) XPL exhibits a clear vesicle at top right corner, 
indicating stress present. 16BHB2_2 exhibits a kaersutite (magmatic hornblende) inclusion double thickness 
thin section. (c) PPL and (d) XPL exhibit biotite and olivine with associated pyroxene around the olivine. 
16BHB1_3 exhibits a large green hornblende phenocryst double thickness thin section. (e) PPL and (f) XPL 
exhibit a large hornblende xenolith with intergrown feldspar crystals. 
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3.12 Vesicle Study 
 
     3.12.1 Vesicle SEM Study 
Vesicles are common within the dyke magma. The SEM-EDS elemental imaging confirms 
the vesicle to be Fe-rich, probably sideritic carbonate (Figure 3.17). The top right edge of the 
vesicle contains Si, Fe and Ca with minor Al, probably indicating chlorite and/or 
orthoamphibole.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17: Sample 16BHB2_3 SEM- EDS results. 
 
(a) Electron image of thin section from 16BHB2_3. (a1-a3) Discrete raster maps displaying the occurrence of 
Ca, Ti and S within the sample 16BHB2_3. 
(b) Layered image of thin section 16BHB2_3. (b1-b3) Discrete raster maps displaying the occurrences of Al, Si 
and Fe within the sample 16BHB2_3. 
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3.13 Significance of different Olivine compositions 
 
In the course of the EDS exploration of the selected areas subjected to SEM study, chemical 
analysis of three types of olivine was collected; euhedral olivines in textural equilibrium with 
the dyke matrix, olivine within gabbro xenoliths and olivine within polycrystalline aggregates 
showing evidence of reaction with the dyke magma. The calculated #Mg values (Mg / Mg + 
Fe) are summarised in Table 3.2.  
 
Table 3.2: Olivine xenolith #Mg values. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Most magnesian are olivine as aggregates, which show textural evidence of reaction with 
dyke magma. These are interpreted as small fragments of mantle dunite. Intermediate #Mg 
Sample #Mg 
values 
16BHB2_3 0.17 
16BHB2_3 0.14 
16BHB2_3 0.17 
16BHB2_3 0.55 
16BHB2_3 0.61 
16BHB2_3 0.57 
16BHB2_3 0.56 
16BHB2_3 0.47 
16BHB2_3 0.46 
16BHB2_3 0.55 
16BHB2_3 0.53 
16BHB2_3 0.58 
16BHB2_3 0.41 
16BHB2_3 0.44 
16BHB2_3 0.89 
16BHB2_3 0.76 
16BHB2_3 0.75 
16BHB2_3 0.73 
16BHB2_3 0.73 
16BHB2_3 0.77 
16BHB2_3 0.77 
16BHB2_3 0.2 
16BHB2_3 0.6 
16BHB2_3 0.61 
16BHB2_3 0.58 
16BHB2_3 0.63 
16BHB2_3 0.58 
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olivines are most abundant in the dataset and occur in the gabbro xenoliths. Lowest #Mg 
olivines are euhedral phenocrysts within the dyke that are in textural equilibrium with their 
matrix. This is illustrated by plotting #Mg values as a histogram (Figure 3.18) with a bin 
frequency of 0.025. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.18: Geochemical classification of a histogram indicating the Mg to Fe ratio; which shows three 
separate types of xenolith sources. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
Chapter Four- Whole Rock Geochemistry 
 
4.1 Introduction 
 
The geochemical methods applied in this chapter are integrated with the zircon 
geochronology and petrographic analysis, to identify the xenolith protoliths (e.g., ultramafic 
rocks as layered gabbro cumulate or mantle fragment). This is important to establish the 
broader tectonic context of the upper mantle and lower crust below the Bombo locality. 
Previous geochemical analyses from Wilshire and Binns (1961), Sutherland and Hollis 
(1982), and Wass and Shaw (1984) only briefly summarise the Bombo dyke xenolith suite, as 
part of a much broader study of the sub-New South Wales mantle. Major and trace elements 
were acquired by X-ray fluorescence, with reconnaissance hand-held analysis followed by 
laboratory analysis of a few representative inclusions. 
 
4.2 XRF Methodology 
      
The X-ray Fluorescence spectrometry (XRF) technique is reliant on the interaction between a 
primary source X-ray beam and the targeted material (see summary by Margui and Grieken 
2013). Electrons are displaced to higher orbitals if the energy of the X-ray beam is sufficient. 
In order to restore equilibrium within the atom, the displaced electrons fall from outer orbitals 
to their original state. Excess energy is emitted in the form of fluorescent X-rays. The emitted 
X-ray energy is then linked directly to the specific element for analysis (Margui and Grieken 
2013). 
 
The X-ray fluorescence beam originates when an electron beam generated from a tungsten 
filament (cathode) is directed through the X-ray tube into the anode, which is usually copper 
plate where, the X-rays are generated (Jenkins and Vries 1970). The produced X-ray beam is 
then aimed at the sample. 
 
     4.2.1 Hand-held XRF 
Extensive reconnaissance analysis of xenoliths from the blocks was undertaken using a hand-
held Niton XL3t GOLDD+ XRF analyser (Figure 4.1). The hand-held instrument with lower 
energy primary X-ray beam can analyse elements heavier than magnesium (which is 
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marginal, with large error). Thus the hand-held instrument cannot analyse sodium (which is 
significant in many igneous rocks). A systems check of the hand-held was conducted prior to 
usage. The hand-held has a 6mm analytical window from where the X-ray beam issues and 
defines the size of the targeted area. If the rims of the detection window are contaminated 
with dirt/dust, a soft cloth is used to remove it without touching the detection window. 
Acquisition time was 80 seconds and 17 elements were analysed. The accuracy is reliant on 
the sample properties (e.g. grain size, porosity), the influence of the quality of standards used 
in calibration and the duration of measurements where the limit of precision given as √n, 
where n is the number of counts. The emitted X-rays originate from approximately 3 mm of 
the sample dependant on porosity of the rocks. The hand-held data was calibrated using a 
standards run approximately every 20-25 measurements. The standards (previously analysed 
by laboratory XRF) were sandstone from Kiama and dolomitic carbonate from the Flinders 
Ranges. Samples were placed flat for the analysis. Care was taken in targeting to avoid 
measuring the matrix surrounding the xenolith. Each measurement was recorded as an 
individual XML file and transferred to an ExcelTM spreadsheet (Appendix C: Hand-held XRF 
results). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: Niton 3XLt GOLDD+ XRF devices (image extracted from 
www.thermofisher.com.au). 
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Calibration of Data
In using the Niton XL3t GOLDD+ XRF analyser, 98 individual measurements were taken 
from five sections of the total sample block. Where possible, on larger xenoliths, three 
measurements were acquired to obtain a more accurate appraisal of their composition. In 
these situations the analyses were averaged, prior to calibration against the standards. Mg, P 
and S were too low to detect in some samples (< LOD) and as mentioned above, Na cannot 
be measured. 
 
     4.2.2 Calibration of Data 
The Hand-held XRF analysis was the first reconnaissance work undertaken on the gabbro and 
diorite samples. Five samples were chosen for analysis (remaining five were selected for 
petrographic analysis) were the calibration of major minerals present are plotted to show their 
relationship ranked by ascending atomic number (Figure 4.2). The plot was extended to 
heavier trace elements. With a calibration closest to 1, Si and Rb appear to be the most 
accurate. To calculate the calibration factor the accepted standard values provided by Paul 
Carr was divided into the hand-held measured values for each individual mineral (see 
Appendix C for Hand-held XRF results). Accuracy of the non-calibrated data was variable. 
One of the least accurate was an apparent over abundance in SiO2. This has been a consistent 
feature of this instrument since its return from the service provider two years ago, following 
detector repair. These inaccuracies are dealt with by using the standard data. Data calibration 
was done offline, in an ExcelTM spreadsheet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2: Calibration plot of major elements within the HH-XRF dataset. 
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          4.2.3 Laboratory XRF  
Ten samples were chipped in a jaw crusher and then washed and dried. Chips were crushed 
into a fine powder using a chrome TEMA mill for 10-15 seconds. The TEMA was rinsed 
with quartz between each sample in order to avoid cross-contamination between the samples. 
The samples are then prepared into pressed pellets for trace element analysis by mixing 5g of 
powder with a Polyvinyl Acetate (PVA) binder, pressing to ~ 2500 psi into an aluminium 
cup. The pellets were then dried in a 65°C oven for 24 hours. Glass buttons were made for 
major element analysis by fusing 300 - 400 mg of the samples with 2.4 g of the appropriate 
flux for the sample type. 400 mg of the sample was added to pure metaborate flux, whereas 
300 mg of sample was added to 2 tetraborate fluxes for lower silica (45-65% SiO2) samples. 
Samples with the flux were placed in platinum crucibles and heated over the course of one 
hour from 600 to 970°C, so that the flux melts and the sample dissolved. An ammonium-
iodide (NH4I) pellet was added to reduce viscosity prior to pouring of the molten material 
onto graphite moulds. The fused mixture is then allowed to cool, making homogeneous glass 
disks. 
 
Loss of Ignition (LOI) was calculated by weighing 1 g of sample then heating it in a ceramic 
crucible for two hours in a 1050°C oven. Samples were weighed again after baking, and the 
difference in weights converted to weight percent loss on ignition. This provides a measure of 
the volatile content of the samples. 
 
4.3 HH-XRF Results 
     
     4.3.1 Comparison with Lab XRF 
The initial values for silica (SiO2) and potassium (K2O) from the hand-held XRF analysis 
were plotted against the values from the laboratory XRF for comparison of the samples. 
According to SiO2 v K2O plot (Figure 4.3) of Peccerillo et al. (1976) and Ewart (1982) the 
gabbro and diorite samples belong to the high-K-calc-alkaline series. The hand-held values 
for the gabbro and diorite samples have higher silica and lower potassium which was 
distinguished by point analysis only on xenolithic material. In cutting-out the xenoliths for 
laboratory analysis it was inevitable that they included some matrix. However the high silica 
content suggests a mafic rock of olivine + pyroxenes + plagioclase. 
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The initial identification of xenoliths and xenocrysts were obtained by key elements via the 
hand-held results. Abundance of mafic and ultramafic xenoliths include gabbros, mantle 
dunite, gabbro-peridotite and metasedimentary rocks. The gabbro xenoliths have SiO2 wt. % 
> 50 %. Metagabbros and metasedimentary clasts have high SiO2 wt. % ranging between 65 
to 80 %. Mantle dunite xenoliths have high #Mg values above 0.73. Gabbro-peridotite 
xenoliths have lower SiO2 wt. % ranging between 40 to 50 % (see Appendix C for Hand-held 
XRF results). 
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Figure 4.3:  SiO2 v K2O plot for the classification of alkaline series rocks (Peccerillo et al. 1976; Ewart 1982); gabbro (16BHA1 to 5) and two rocks of syenite and diorite 
(16BHB1 to 5) in comparison the hand-held data for the peridotite and gabbro samples.
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4.4 Laboratory XRF Results 
     
     4.4.1 Major Element Classification 
The major element concentrations of xenoliths selected for laboratory XRF analysis are 
presented before recalculation to anhydrous (Table 4.1). The gabbro sensu into (peridotite, 
metagabbro, gabbro) yield the following wt. % (where μ = mean population): SiO2 = 36.40 to 
39.82 % (μ = 38.34 %); TiO2 = 2.68 to 3.16 % (μ = 2.97 %); Al2O3 = 9.38 to 11.60 % (μ = -
10.73 %); Na2O = 1.41 to 1.60 % (μ = 1.53 %); Fe2O3 = 13.67 to 15.15 % (μ = 14.23 %); 
MgO = 5.22 to 10.10 % (μ = 7.06 %); K2O = 1.69 to 2.77 % (μ = 2.25 %); CaO = 12.38 to 
15.79 % (μ = 13.76 %); and P2O5 = 0.87 to 1.22 % (μ = 1.05 %). The diorite yield the 
following wt. % (where μ = mean population): SiO2 = 39.41 to 45.00 % (μ = 42.17 %); TiO2 
= 2.29 to 2.68 % (μ = 2.51 %); Al2O3 = 9.34 to 10.89 % (μ = 10.18 %); Na2O = 1.74 to 2.29 
% (μ = 1.95 %); Fe2O3 = 12.14 to 14.57 % (μ = 13.27 %); MgO = 7.56 to 10.57 (μ = 8.41 %); 
K2O = 2.22 to 2.63 (μ = 2.37 %); CaO = 10.02 to 11.65 % (μ = 10.63 %); P2O5 = 0.82 to 0.97 
% (μ = 0.87 %). The oxides (i.e. MnO and SO3) not included in the description occur below 
specified detection limits (i.e. < 0.5 %). The gabbro and diorite samples are typical of 
ferrogabbros; melts ponded below continental crust and differentiated to the surface. This is 
indicated by high values of elements TiO2, P2O5, Nb and Zr. 
 
According to the total alkali silica (TAS) diagram (Figure 4.4) after Middlemost (1985) the 
chemical classification confirmed the samples to be gabbro and diorite. This is consistent 
with the petrographic analysis where these rocks are olivine + pyroxene + plagioclase bearing 
with igneous textures. In all plots discussed below, the analyses are recalculated to 
anhydrous. High K2O/Na2O may indicate contamination and/or interaction with the base of 
the (thinning) Lachlan crust (assimilation reactions will tend to add K2O to a mafic melt). The 
AFM diagram (Figure 4.5) demonstrates the iron-enrichment trend in which the gabbro and 
diorite plot in the tholeiite series by decompression melting and not calc-alkaline fluid 
fluxing of mantle in arc related setting. This is consistent with textural evidence of Fe-Ti 
oxides and late crystallization examined in the thin sections (Chapter 3). Given their basaltic 
percentage, a Ti vs V diagram of Shervias (1982) (Figure 4.6) was used to determine the 
tectonic discrimination of the samples. The samples plot within the alkali basalt/ocean island 
basalt field, indicating either involvement of deep mantle or maybe interaction with enriched 
lithospheric mantle during their ascent and emplacement.  
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Table 4.1: XRF whole rock major and trace element data for each section of loose block obtained Bombo. 
Affinity 
Sample 
No. 
Major 
Element 
(wt. %) 
Gabbro 
16BHA1 
Gabbro 
16BHA2 
Gabbro 
16BHA3 
Gabbro 
16BHA4 
Gabbro 
16BHA5 
Syenite 
16BHB1 
Syenite 
16BHB2 
Diorite 
16BHB3 
Diorite 
16BHB4 
Diorite 
16BHB5 
SiO2 37.83 39.34 39.82 38.33 36.40 42.13 39.41 43.18 45.00 41.11 
TiO2 3.14 3.16 2.81 3.08 2.68 2.58 2.60 2.38 2.29 2.68 
Al2O3 11.60 11.59 10.89 9.38 10.20 10.89 9.34 10.35 10.13 10.18 
Fe2O3 13.86 14.58 14.07 15.15 13.67 13.13 14.57 12.49 12.14 14.01 
MnO 0.18 0.19 0.20 0.19 0.22 0.18 0.19 0.19 0.18 0.20 
MgO 5.22 6.26 7.96 10.10 5.78 8.48 10.57 7.66 7.56 7.78 
CaO 14.46 13.56 12.63 12.38 15.79 10.42 10.02 10.44 10.61 11.65 
Na2O 1.45 1.60 1.58 1.41 1.60 2.29 1.74 1.98 1.88 1.88 
K2O 2.77 2.47 2.26 1.69 2.07 2.52 2.25 2.63 2.24 2.22 
P2O5 1.22 1.20 0.99 0.87 0.98 0.82 0.89 0.87 0.82 0.97 
SO3 0.24 0.24 0.24 0.30 0.19 0.20 0.17 0.18 0.20 0.23 
Lol 8.34 6.80 6.50 6.74 10.63 6.72 7.77 7.02 6.29 7.63 
Total 100.30 100.99 99.95 99.62 100.22 100.36 99.53 99.36 99.35 100.54 
Trace 
Elements 
(ppm) 
          
Cu 55 50 48 56 43 47 43 38 39 46 
Zn 127 115 110 111 105 101 113 98 100 114 
Ga 18 17 17 14 15 16 14 14 13 14 
Rb 63 48 44 32 42 51 45 46 45 43 
Sr 1776 2787 2243 1451 1715 1189 1366 1510 1522 1667 
Y 36 36 32 28 31 28 28 27 27 29 
Zr 387 370 332 296 325 431 302 288 297 318 
Nb 98 96 86 71 80 71 73 72 70 80 
Sn < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 < 3 
Ba 1490 1378 1119 768 1176 659 1056 1134 977 807 
La 22 48 25 38 37 29 26 49 < 20 46 
Ce 27 < 20 112 219 238 96 100 244 317 330 
Hf 6 7 6 7 6 8 6 5 7 6 
Pb 6 6 6 4 5 6 5 6 7 6 
Th 9.6 11 8.9 6.8 8.5 8.8 7.7 7.4 7.9 9.1 
U 1.1 < 1.0 1.4 0.5 < 1.0 0.6 0.4 1.5 1.8 < 1.0 
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Figure 4.4: TAS diagram for the classification of plutonic rocks after Middlemost (1985), demonstrating the 
gabbro and diorite samples. 
 
 
 
Figure 4.5: AFM diagram for the iron-enrichment trend by Irvine and Baragar (1971). 
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Figure 4.6: Ti v V discrimination diagram for the tectonic classification of basalts after Shervias (1982), 
demonstrating majority of gabbro and diorite samples are alkali basalts/ocean island basalts. 
 
The enrichment of TiO2, Zr, Nb and P and low #Mg values are relative to MORB. These 
elements indicate fractional crystallization (of olivine + pyroxene + plagioclase). The N-
MORB contain TiO2 = 1.2 wt. %, Zr = 74 ppm and Nb = 2.3 ppm (Table 4.1).  Harker plots 
(Figure 4.7) demonstrate the fractionation trends of the major elements abundant in the 
gabbro and diorite samples. Linear trends are seen in the relationships of SiO2 vs TiO2, MgO, 
Ca and Fe2O3, as K2O and Al2O3 show scattering. The SiO2 vs TiO2 plot indicates the 
accumulation of Fe-Ti oxides in less silica rich compositions. And the SiO2 vs CaO plot 
indicates the accumulation of clinopyroxene in less silica rich compositions. This is 
consistent with the common pyroxenites seen in the petrographic analysis of the xenolith 
suite. Low #Mg relative to MORB was demonstrated by #Mg vs SiO2 and #Mg vs K2O 
binary plots (Figures 4.8 and 4.9). The relationship of crystallization at temperatures 
represents ferromagnesium minerals. The gabbro and diorite samples indicted lower silica 
and higher potassium content (compared to the hand-held results). The majority of #Mg 
values are low in the samples. The enrichment is also seen in the log Zr v log Ti plot (Figure 
4.10). This is consistent with the SEM-EDS olivine histogram in the petrographic analysis 
(Chapter 3).  
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Figure 4.7: SiO2 (wt. %) variation diagram (‘Harker plots’) for geotectonic discrimination the fractionation 
trends of major elements including TiO2, Al2O3, MgO, K2O, CaO and Fe2O3 (wt. %). 
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Figure 4.8: #Mg v SiO2 binary plot demonstrating the gabbro and diorite #Mg. 
 
Figure 4.9: #Mg v K2O binary plot demonstrating the gabbro and diorite #Mg. 
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Figure 4.10: Two variable binary log Zr v log Ti plot (ppm) representing the relationship between the gabbro 
and diorite samples. 
 
 
     4.4.2 Trace Element Variation 
The classification scheme of primitive mantle normalization is used for multi-element 
diagrams (spider plots) e.g., (Sun and McDonough 1989). The broad spectrum of elements 
are grouped in accordance with incompatibility with respect to the mantle mineralogy. 
Normalization is required as concentrations and abundances of the elements are variable in 
the environment and therefore need standard reference material to derive information from 
the data (Gill 2010). The Harker plots (Figure 4.11) demonstrate the fractionation trends of 
the trace elements abundant within the gabbro and diorite samples.  
 
To note, minerals such as Ta and Yb were not recorded as numbers were too low to detect. 
The spider plots were created for the gabbros (Figure 4.12) and diorites (Figure 4.13). 
Anhydrous melting is much supporting by lack of negative Nb and Ti anomalies. Y is a proxy 
for the heavy rare earths when these are not available. The linear trend Zr-Ti-Y i.e. no 
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negative Ti and Nb anomalies relative to lanthanum and thorium are typical of adiabatic 
decompression melting, not fluid-fluxing as seen in arcs (Gill 2010). As indicated on this 
diagram the Bombo Carboniferous-Permian gabbros and diorites are most congruent with 
OIBs (alkali basalts). This signature is consistent with the gabbros and diorites being related 
to decompression melting with rifting at the Gondwanan margin at the Carboniferous-
Permian boundary. 
 
 
Figure 4.11: SiO2 (wt.%) variation diagram (‘Harker plots’) for geotectonic discrimination the fractionation 
trends of trace elements including Rb, Sr, Zr, Ba, Y and La (ppm). 
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Figure 4.12: Trace element abundances of the gabbro samples normalized to the primitive mantle. 
Normalization values are from McDonough and Sun (1995). Additional reference material from Sun and 
McDonough (1989); ocean island basalts (OIB) in yellow and mid-ocean ridge basalts (MORB) in orange; 
island arc basalt (IAB) in red, were added for modern comparison. 
Figure 4.13: Trace element abundances of the diorite samples normalized to the primitive mantle. Normalization 
values are from McDonough and Sun (1995). Additional reference material from Sun and McDonough (1989); 
ocean island basalts (OIB) in yellow and mid-ocean ridge basalts (MORB) in orange; island arc basalt (IAB) in 
red, were added for modern comparison. 
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Chapter Five- Zircon Geochronology 
 
5.1 Introduction 
 
This chapter will present SHRIMP U-Pb dating of zircons from the Bombo dyke sample.  
Zircon U-Pb geochronology is one of the most accurate and precise geochronological 
methods that can be applied to a range of problems such as dating igneous crystallization, 
high grade metamorphism and the provenance of clastic material in detrital sedimentary 
rocks. This project presents the first U-Pb zircon geochronology for the Bombo site. The aim 
of this is to provide a first definitive age on the dyke studied and its associated xenoliths, the 
latter being to constrain the nature of the source regions in the upper mantle and crust. 
 
Zircon (ZrSiO4) is a common accessory mineral that forms in a wide range of silica-saturated 
igneous rocks (e.g, Finch and Hanchar 2003). Zircons are mechanically and chemically stable 
minerals and survive through, and record, a variety of geological processes, making them an 
excellent geochronometer. Zircons typically crystallize from felsic magmas with greater than 
60 wt.% SiO2 and are less common in magmas with lower silica contents (e.g., Cawood et al. 
2012). However they can grow from the last residual melts of crystallizing gabbroic magmas. 
The geological history of a zircon is often recorded through complex zoning allowing for a 
reconstruction of their history and provenance. Trace uranium and thorium are incorporated 
into the zircon lattice upon its formation which undergoes radioactive decay to form lead 
isotopes. On the other hand, lead is not incorporated into the lattice as the zircon crystallizes, 
meaning that the chronometer is set to zero (206Pb/238U and 207Pb/238U = 0). This provides the 
basis for geochronology by multiple analytical techniques, including the SHRIMP large ion 
microprobe.  
 
     5.1.1 U-Pb Zircon Dating 
The natural incorporation of U-Th but not Pb during zircon dating means that when the 
crystal forms the radiogenic clock is set to zero. Th and U both have natural radioactive 
isotopes, i.e. unstable isotopes that spontaneously decay to form stable isotopes of different 
elements, in this case, ultimately Pb (as reviewed by Stern, 1998 and Williams, 1998). The 
rate of radioactive decay is isotope specific, and independent of any physical or chemical 
conditions. The probability that radioactive decay will occur at any point in time is known as 
the decay constant (λ), whereby the number of decays occurring per unit time is related to 
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how many atoms are present for a given isotope. The formula used to describe radioactive 
decay, measures the ratio of daughter atoms produced (D) to parent atoms remaining (P) after 
a period of time (t): 
 
D/P = eλt – 1 
 
A half-life (T1∕2) is defined as the amount of time it takes for half of the parent radioisotope 
present to decay to its daughter. The length of the half-life is critical in determining the 
suitability of the U-Pb isotopic system over other natural radioisotopes for geochronological 
analyses. Due to the scale of geological time, the half-life of the radioisotope must be long 
enough for an adequate amount of daughter isotope to be produced for accurate and precise 
measurement of the parent/daughter ratio (e.g, Williams 1998). Half-lives for the U-Pb 
isotopic system are: 
 
238U decays to 206Pb with a half-life of 4.47 x 109yr 
235U decays to 207Pb with a half-life of 0.704 x 109yr 
 
The key advantage of using the U-Pb isotopic system for geochronological analysis is the 
paired nature of the system where there are two U isotopes that decay to different Pb isotopes 
at different rates. Therefore, a comparison can be made between the ages calculated from 
both U-Pb decay schemes and through a separate measure from the radiogenic Pb isotopic 
composition (207Pb/206Pb). Determination of three ages allows the disturbance of the system 
to be determined, i.e. if it is a closed system or if it is an open system (influenced by 
secondary processes; Williams 1998).  
 
The U-Pb zircon dating of this study was conducted on the Sensitive High-Resolution Ion 
MicroProbe (SHRIMP) (Figure 5.1) instrument at the Australian National University (ANU). 
The analyses are calibrated by using the zircon standards ‘Temora’ (concordant U-Pb age= 
417 Ma; Black et al., 2003) and ‘OG 1’ (concordant U-Pb age= 3465 Ma; Stern et al., 2009) . 
The obtained data is corrected for any common Pb (i.e. lead not produced by in situ 
radiogenic decay) in order to calculate the ages presented in this study. Zircon U-Pb 
geochronology and the SHRIMP methodology is summarised by Stern (1998) and Williams 
(1998). 
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Figure 5.1: Schematic diagram illustrating the SHRIMP II ion microprobe, showing the principal ion optic 
elements and the trajectories of primary and secondary ion beams. From Williams (1998). 
 
 
5.2 Methodology 
 
     5.2.1 Zircon Selection 
Selection of zircons was targeted towards xenolith material present within sample 16BHB. 
Syenite and smaller granitoid clasts were observed within the hand specimen. Two samples 
were chosen- a rounded pinkish gabbroic/syenite inclusion and a general sample of the whole 
dyke encompassing numerous gabbro-peridotite inclusions and a lesser number of 
metasedimentary inclusions. Some of the inclusions had anatectic fringes - giving the hope 
that zircons coeval with crystallization of the dyke magma might be recovered. 
   
     5.2.2 Zircon Preparation 
Zircons were separated using conventional techniques, including crushing, sieving and 
magnetic and heavy liquid separation methods. This was undertaken by Shane Paxton in the 
mineral separation laboratory of ANU. Recovered zircon grains were examined using a 
binocular microscope and handpicked for SHRIMP dating. 38 zircon grains from the 
gabbro/syenite sample (block 16BHB_1) and 129 grains from block 16BHB_2 (167 in total). 
The standards (20 grains of Temora 2 and 10 grains of OG-1) were distributed as several 
groups across the mount as a check for calibration of U-Pb isotopic ratios and data quality. 
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A standard 25.4 mm epoxy mount was prepared with the technical assistance of Prof. Allen 
Nutman. Two rows from the two samples and randomised groups of standard grains were 
placed onto double sided adhesive tape, covering approximately a 15 mm diameter area in the 
centre of the disc. A 25.4 mm cylindrical teflon mould was then positioned so as to surround 
the zircon grains. A 25:3 mixture of resin (12.5 g) and hardener (1.5 g) was poured over the 
grains into the mould, and left to cure for 48 hours at room temperature. After removing the 
mould by hand, the mount was grounded using 1200 wet/dry sandpaper to expose individual 
cross sections of the zircon grains. This was followed by further abrasion with 1 μm diamond 
powder slurry on a rotary polisher. Polishing was finished using 0.3 μm alumina powder 
slurry, and also on a rotary polisher. 
 
Transmitted and reflected light photomicrographs were taken using a petrographic 
microscope at the University of Wollongong (UOW), to identify sites of interest within 
individual grains. Observations of morphological characteristics such as size, clarity and 
colour were made. 
 
     5.2.2 Cathodoluminescence Imaging 
Cathodoluminescence (CL) imaging is one of several techniques where luminescence of the 
material is achieved by excitation of an atom within the material to its upper energy state, 
followed by relaxation to ground state. Conducted at the UOW Innovation Campus, the 
cathodoluminescence images were taken using a JEOL JSM-6490LA scanning electron 
microscope (SEM) to reveal internal structures, including zoning, recrystallization structures 
and possible pre-magmatic inheritance. The CL images were taken using a Gaton MonoCL4+ 
in white panchromatic (i.e. bypassing the spectrometer) mode at 5kV. The CL process is 
attained by high energy electrons derived from the cathode which are then used to bombard 
the material as a focussed, rastered beam which during relaxation produces photons that are 
captured by the detector (McFarlane 2014). Pure zircon is highly luminescence, and the 
degree to which this is muted by trace element impurities; the most common are rare earth 
elements (REE) and U and Th. The intensity and wavelength of electromagnetic spectrum 
produced is dependent on the element present. Therefore analysing the zircon’s growth 
zoning seen in CL images and elemental distribution can provide insight into the geological 
history of studied rocks (Corfu et al. 2003; McFarlane 2014). This makes 
cathodoluminescence imaging invaluable in providing the best resolution of internal 
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structures, beyond that of other techniques such as Back-Scattered Electron microscopy 
(BSE). 
 
The cathodoluminescence intensity is inversely proportional to the uranium content; the 
higher U abundance the lower the luminescence (McFarlane 2014). Therefore as a generality 
igneous zircons are usually less luminescent as they are enriched in U and metamorphic 
zircon that is depleted in this element therefore appear brighter. 
 
     5.2.3 SHRIMP Analysis 
The Sensitive High Resolution Ion MicroProbe (SHRIMP) is a double-focussing secondary 
ion mass spectrometer (SIMS) and ions introduced into it are filtered in terms of both their 
energy (by the ESA- electrostatic spectrum analyser) and their mass (by the electromagnet). 
This, together with the large turning circle of the instrument allows resolution of near-
isobaric interferences on Pb species of interest. Prior to the analysis, the mount was 
thoroughly cleaned and then coated in approximately 10 nm of 99.99% gold to allow charge 
dissipation during analysis. SHRIMP produces a primary beam of focussed oxygen high 
energy (10 kV) that ablates particles from a ~20 μm wide by 1-2 μm deep domain of the 
sample. Via a 10 kV extraction potential, the ablated material with charge is then introduced 
into the double-focussing mass spectrometer. Ion detection is via a single electron multiplier 
and stepping of the magnet field. CL images of the zircons were used to select target analysis 
sites. This approach gives a more definitive and enriched dataset avoiding composite growth 
domains in analysis. The data was processed using off-line ANU in-house software 
‘PRAWN’ and ‘Lead’. The 206Pb/238U calibration error based on the Temora standards was 
1.8%, which is acceptable as it is < 2%. The reduced and U-Pb calibrated data was assessed 
and ages calculated in the ExcelTM plug-in ‘Isoplot’ (Ludwig 2003). 
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5.3 Results 
 
     5.3.1 Zircon Characteristics 
The length-to-width (aspect) ratio of zircon grains is considered by some workers to be a 
reflection of the crystallization velocity (Pupin 1980) which in turn is largely a function of 
cooling rates (Corfu et al. 2003). Thus grains that appear equant with some aspect ratios are 
produced within rocks that have undergone slow cooling regimes deep within the crust. 
Whereas grains that appear acicular are produced within rocks that crystallized rapidly, such 
as sub-volcanic intrusion events. The majority of the zircon Bombo grains show well-
developed prismatic habit, euhedral with well-developed terminations and are generally free 
of fracturing. In CL images grains show widely-developed oscillatory zoning, which is a 
texture typical of grains crystallized from magma. There are some recrystallization domains, 
these are generally more homogenous and lighter in appearance, and have been avoided as 
targets for dating. Domains with subdued luminescence (dark) were generally also avoided 
when selecting areas for dating; U-rich areas often produce an age that is modified by 
secondary processes, such as the leakage of radiogenic lead.  
 
Analyses from the two samples (Table 5.1) were interspersed with each other rather than run 
in block mode. Thus 2.1, 4.1, 5.1, 6.1, 7.1, 8.1, 26.1, 27.1 are from the gabbro/syenite 
inclusion sample 16BHB_1, whereas 1.1, 3.1, 11.1, 13.1, 14.1, 15.1, 15.2, 16.1, 17.1, 18.1, 
19.1, 21.1, 22.1, 23.1, 24.1, 25.1 are from the ‘random’ sample of the dyke 16BHB_2. Grains 
from gabbro/syenite sample 16BHB_1 range from 300 – 1800 μm in length, with aspect 
ratios averaging 3:1, and are homogenous or show oscillatory growth zoning. The grains 
selected for analysis exhibit well-developed, oscillatory zoning as shown by variation in 
luminescence. It is a common occurrence that growth zoning is interrupted due to textural 
discontinuities where the original zoning is resorbed and succeeded by new growth during the 
zircon’s crystallization.  
 
Grains from sample 16BHB_2 range from 150 – 1600 μm in length, with aspect ratios 
averaging 3:1. Bombo grains from the composite sample all demonstrate growth zoning. 
Most of the grains selected for analysis are large euhedral grains with small aspect ratio 
exhibiting well-developed, fine oscillatory zoning as shown by variation in luminescence. 
However a lesser number of grains are smaller prisms, that can be somewhat rounded with 
termination of oscillatory zoning.
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Figure 5.2: Sample 16BHB_1, Mount W51. (a, b, c, d) show CL images of the full suite of analysis sites within the zircon grains from the gabbro/syenite xenolith extracted 
from basaltic dyke matrix at Bombo Headland. Zircons are labelled with 206Pb/238U ages to the nearest Ma. Full results of grains are displayed in Table 5.1. 
  
Mean = 204.6 ± 4.6 Ma 
 
95% confidence 
 
MSWD = 0.57 
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Figure 5.3: Sample 16BHB_2, Mount W51. (a, b, c, d) show CL images of the full suite of analysis sites within 
the zircon grains analysed from differing generations of gabbro-peridotite xenoliths extracted from basaltic dyke 
matrix at Bombo Headland. Zircons are labelled with 206Pb/238U ages to the nearest Ma. Full results of grains are 
displayed in Table 5.1.Grains 9.1, 12.1, 20.1 and 28.1 produced older Carboniferous ages > 320 Ma. 
  
Mean = 303.8 ± 5.5 Ma 
 
95% confidence 
 
MSWD = 2.8 
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Figure 5.3: (cont). Sample 16BHB_2, Mount W51. (e, f, g) show CL images of the full suite of analysis sites 
within the zircon grains analysed from differing generations of gabbro-peridotite xenoliths extracted from 
basaltic dyke matrix at Bombo Headland. Zircons are labelled with 206Pb/238U ages to the nearest Ma. Full 
results of grains are displayed in Table 5.1.
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     5.3.2 SHRIMP Results 
Analysis sites are presented in the CL images (Figures 5.2 and 5.3), with associated ages 
deriving from the 206Pb/238U ratios (Table 5.1). Eight analyses of eight zircons were 
undertaken on pink gabbro/syenite clast sample 16BHB_1. Uranium content is moderate (< 
300 ppm) with Th/U ratios between 0.47 and 0.05 (Table 5.1). Sites focussed on well-
preserved oscillatory zoned domains. All sites have low common Pb content and yielded U-
Pb ages indistinguishable from each other (Figure 5.2). After correction for minor amounts of 
common Pb, all eight analyses for the gabbro/syenite xenolith yielded a weighed mean 
206Pb/238U age of 204.6 ± 4.6 Ma (Figure 5.6; 95% confidence, MSWD = 0.57). 
 
For the composite sample 16BHB_2, the euhedral large grains, commonly fragmented in 
mineral separation and some unfragmented smaller ones of euhedral equant habit all display 
oscillatory and or sector zoning in CL images (Figure 5.3) these all have high Th/U (mostly > 
0.7) with indistinguishable 206Pb/238U ages (Table 5.1, Figure 5.3). After correction for very 
small amounts of common Pb, these yield a weighed mean 206Pb/238U age of 303.8 ± 5.5 Ma 
(Figure 5.6; 95% confidence, MSWD = 2.8). This age is within error of the Permian-
Carboniferous boundary (298.9 Ma). The large size of these zircons, their habit and high 
Th/U suggest crystallization from (slowly cooling) gabbroic magma. The four remaining 
grains (9.1, 12.1, 20.1, 28.1) yield older apparent Carboniferous (up to Visean) and are of 
different habit and mostly lower Th/U ratio. Three (9.1, 20.1, 28.1) of these grains are small 
rounded prisms, where oscillatory zoning truncated at their terminations. This suggests they 
were derived from a Lachlan sedimentary xenolith. The remaining anomalous grain (12.1) is 
a fragment of an igneous prismatic grain derived from a pre- 303.8 Ma intrusion. 
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Table 5.1: SHRIMP U-Pb zircon data for Bombo Headland. 
Labels Site U/ppm Th/ppm Th/U 204Pb/206Pb 238U/206Pb 207Pb/206Pb age 206Pb/238U 
16BHB_1     Gabbro/Syenite 
BHB-2.1 osc, m, fr 38 9 0.24 0.0048 ± 0.0026 29.46 ± 1.30 0.0545 ± 0.0037 215.2 ± 9.3 
BHB-4.1 osc, m, fr 36 2 0.05 0.0070 ± 0.0021 31.40 ± 1.46 0.0656 ± 0.0041 202.1 ± 9.3 
BHB-5.1 osc, m, fr 30 7 0.23 0.0044 ± 0.0022 30.50 ± 1.65 0.0595 ± 0.0075 208 ± 11.1 
BHB-6.1 osc, m, fr 102 37 0.36 0.0023 ± 0.0014 31.28 ± 0.87 0.0557 ± 0.0022 202.8 ± 5.5 
BHB-7.1 osc, m, fr 292 134 0.46 0.0009 ± 0.0003 31.46 ± 0.72 0.0517 ± 0.0012 201.7 ± 4.6 
BHB-8.1 osc, m, fr 124 25 0.20 0.0006 ± 0.0004 29.88 ± 0.86 0.0540 ± 0.0024 212.2 ± 6 
BHB-26.1 osc, m, fr 260 122 0.47 0.0005 ± 0.0003 31.49 ± 1.02 0.0507 ± 0.0020 201.5 ± 6.4 
BHB-27.1 osc, m, fr 33 9 0.27 0.0032 ± 0.0018 31.54 ± 1.20 0.0512 ± 0.0039 201.2 ± 7.5 
         
16BHB_2   Composite sample 
BHB-1.1 sz, m, eq 670 512 0.76 0.0002 ± 0.0001 20.03 ± 0.47 0.0492 ± 0.0017 314.1 ± 7.3 
BHB-3.1 osc, e, eq 390 361 0.93 0.0004 ± 0.0001 21.13 ± 0.53 0.0481 ± 0.0020 298.1 ± 7.3 
BHB-9.1 r, osc, m, p 681 65 0.10 0.0002 ± 0.0001 18.88 ± 0.73 0.0491 ± 0.0022 332.7 ± 12.5 
BHB-10.1 osc, e, eq, fr 474 341 0.72 < 0.0001 ± 0.0001 20.31 ± 0.55 0.0526 ± 0.0012 309.9 ± 8.3 
BHB-11.1 osc, e, eq, fr 529 302 0.57 0.0003 ± 0.0002 20.68 ± 0.46 0.0491 ± 0.0028 304.5 ± 6.6 
BHB-12.1 osc, e, p, fr 509 286 0.56 0.0001 ± 0.0001 18.49 ± 0.48 0.0518 ± 0.0018 339.5 ± 8.7 
BHB-13.1 osc, e, eq 268 306 1.14 0.0002 ± 0.0001 20.99 ± 0.68 0.0506 ± 0.0024 300 ± 9.5 
BHB-14.1 osc, e, eq, fr 278 258 0.93 0.0003 ± 0.0001 20.55 ± 0.45 0.0497 ± 0.0023 306.3 ± 6.6 
BHB-15.1 osc, e, eq 537 322 0.60 0.0002 ± 0.0001 21.05 ± 0.54 0.0499 ± 0.0014 299.3 ± 7.5 
BHB-15.2 osc, e, eq 669 293 0.46 0.0009 ± 0.0001 21.58 ± 0.42 0.0517 ± 0.0013 292 ± 5.5 
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*Site grain type and analysis location:  m = middle, ov = oval, fr = fragment, p = prism, eq = equant, e = end, r = rounded. 
  Site CL imagery: osc = oscillatory zoned, sz = sector zoned.  
  All analytical errors are given a 1σ. 
 
 
 
 
 
 
 
Labels Site U/ppm Th/ppm Th/U 204Pb/206Pb 238U/206Pb 207Pb/206Pb age 206Pb/238U 
BHB-16.1 osc, e, p, eq  366 293 0.80 0.0003 ± 0.0002 19.95 ± 0.50 0.0488 ± 0.0036 315.3 ± 7.8 
BHB-17.1 osc, e, eq, fr 397 426 1.07 0.0001 ± 0.0001 21.60 ± 0.53 0.0519 ± 0.0015 291.8 ± 7 
BHB-18.1 osc, e, p, eq 529 379 0.72 0.0002 ± 0.0001 21.29 ± 0.52 0.0506 ± 0.0020 295.9 ± 7.1 
BHB-19.1 osc, e, eq, fr 775 325 0.42 0.0001 ± 0.0001 21.69 ± 0.44 0.0517 ± 0.0013 290.5 ± 5.8 
BHB-20.1 osc, e, eq, fr 321 25 0.08 0.0002 ± 0.0001 19.41 ± 0.42 0.0497 ± 0.0022 323.9 ± 6.9 
BHB-21.1 osc, e, p, eq 321 192 0.60 0.0001 ± 0.0001 21.03 ± 0.49 0.0524 ± 0.0024 299.5 ± 6.8 
BHB-22.1 osc, e, m 280 175 0.63 0.0006 ± 0.0003 20.84 ± 0.46 0.0485 ± 0.0044 302.1 ± 6.5 
BHB-23.1 osc, e, eq, fr 575 242 0.42 0.0001 ± 0.0001 20.80 ± 0.44 0.0504 ± 0.0022 302.7 ± 6.3 
BHB-24.1 osc, e, eq 243 208 0.86 0.0006 ± 0.0002 21.24 ± 0.58 0.0442 ± 0.0032 296.5 ± 8 
BHB-25.1 osc, e, eq 878 506 0.58 0.0002 ± 0.0001 21.11 ± 0.57 0.0498 ± 0.0011 298.3 ± 7.9 
BHB-28.1 osc, e, p, eq 1650 1614 0.98 0.0001 ± < 0.0001 19.41 ± 0.70 0.0524 ± 0.0083 323.8 ± 11.5 
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Figure 5.4: Left hand side; 206Pb/238U cumulative frequency histograms. Using a bin size 
of 10 Ma for 16BHB_1 and 20 Ma for 16BHB_2, the stacked histograms were created 
using the Microsoft Excel Data Analysis add-in. the data used to produce the graphs was 
corrected for common Pb using the Pb correction method (Compston et al. 1984). 
 
Figure 5.5: Right hand side; Tera-Wasserburg Concordia plots (Tera and Wasserburg 1972) of 238U/206Pb 
against 207Pb/206Pb created using Isoplot (Ludwig 2003). 238U/206Pb and 207Pb/206Pb ratios are uncorrected for 
common Pb, in order to indicate the high quality of the zircons analysed, because most plot within error of 
concordia. 
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Figure 5.6: (top and base) 206Pb/238U ages (Ma) of zircon graphs from sample 16BHB_1 
(top) and sample 16BHB_2 (base) Corrected for common Pb using the 207 correction 
method of Compston et al. (1984). 
16BHB_1: Mean = 204.6 ± 4.6 Ma [2.2%], 95% confidence, MSWD = 0.57, probability = 
0.78 (error bars are 2σ). 
16BHB_2: Mean = 303.8 ± 5.5 Ma [1.8%], 95% confidence, MSWD = 2.8, probability = 0.00 (error bars are 
2σ). 
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5.4 Interpretation 
 
It is evident from field relationships, petrographic (Chapter 3) and geochemical (Chapter 4) 
studies that gabbroic protoliths are the dominant xenolith lithologies in the studied dyke, 
indicated by coarse-grained olivine-bearing lithologies, with characteristic plutonic igneous 
textures. The leucocratic gabbro/syenite xenolith 16BHB_1 has a Jurassic age of 204.6 ± 4.6 
Ma. This gives the absolute maximum age of the dyke. Given the rounded cognate 
appearance of this xenolith the age of 204.6 Ma might coincide with the age of the dyke 
itself. From this result, the dyke is significantly younger (> 50 million years) than the Bumbo 
latite it cuts, and is clearly younger than the Permian volcanic activity. 
 
The zircons in ‘random’ dyke sample 16BHB_2 are all older than those in targeted xenoliths 
of 16BHB_1. Most of the zircons are large, small aspect ratio grains with oscillatory zoning 
and high Th/U. These are interpreted to be derived from the gabbroic-peridotite xenoliths that 
dominate the sample. They have an age of 303.8 ± 5.5 Ma. This suggests that this xenolith 
suite is dominated by Upper Carboniferous-Lower Permian gabbro derived from a layered 
pluton beneath the Sydney Basin at Bombo. The three older rounded detrital grains of 
Carboniferous age are likely derived from Lachlan Fold Belt rocks in the deep crust. 
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Chapter Six- Synthesis and Discussion 
 
6.1 Introduction 
 
The aim of this project was to describe and produce the first age on the dykes at Bombo by 
profiling the age and provenance of its xenoliths. This is related to assessing the continuity of 
Lachlan zones by documentation of samples gabbro and diorite, which led to characterising 
the deep crust and uppermost mantle. The presence of Jurassic magmatic zircons extracted 
from the samples places a maximum age on dyke emplacement. This discussion explores the 
origin of Jurassic dykes and sources of xenoliths which are linked to the Carboniferous 
gabbroic pluton below Bombo. Evidence of gabbro origin traces back to the initial stages of 
the Sydney-Bowen back-arc at within the Hunter-Bowen Orogen at the Carboniferous-
Permian boundary.  
 
6.2 New England Orogen Evolution 
 
     6.2.1 Gabbroic Pluton 
Carboniferous gabbro xenoliths extracted from xenoliths in the dykes at Bombo provide the 
first definitive evidence supporting the existence of a mafic gabbroic pluton underlying the 
Illawarra part of the southern Sydney Basin. The origin of the pluton can be traced back to 
initiation of the Sydney Basin from the latest Carboniferous to early Permian (Permo-Triassic 
event; Figure 6.1). The gabbro xenoliths have been sourced from mafic plutons below the 
Sydney Basin at Bombo (Murray et al. 1989). During the late Carboniferous the Sydney 
Basin was in its infancy and widespread granitic magmatism was occurring to the west of in 
the Lachlan Orogen with the intrusion of the Bathurst Granite Suite. Further east the New 
England Orogen was evolving as a continental fore-arc basin characterised by voluminous 
felsic volcanics (Buckman et al. 2015).  It is possible this Carboniferous magmatic arc 
migrated eastward rapidly associated with slab-rollback following the arc collision and 
subduction flip following the collision of the island-arc Gamilaroi terrane during the late 
Devonian in the New England Orogen (Figure 6.2; Buckman et al. 2015). Slab rollback 
explains the initiation of extension to form the Sydney Basin and rapid eastward migration of 
the magmatic arc. 
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Figure 6.1: Hunter-Bowen Orogen passive collision schematic adapted from Buckman et al. (2015). The 
intrusion of the gabbro pluton beneath the Lachlan Fold Belt (beige) begins. The Sydney Basin back-arc (light 
green) is in its initial stages offset the Tamworth Belt fore-arc basin. 
 
During the slab-rollback extension the Bathurst Granite Suite and other felsic volcanics had 
intruded into the underlying Lachlan Fold Belt metasediment basement below the Sydney 
Basin back-arc. The Sydney Basin consists of a sequence of Permo-Triassic sedimentary 
rocks deposited in the foreland basin behind the New England Orogen to the east. Permian 
succession unconformably overlies the highly deformed metamorphosed Lachlan Fold Belt to 
the west and south of the basin (Shi and McLoughlin 1997). The northern margin of the basin 
is marked by the Hunter-Mooki thrust where Carboniferous rocks of the New England 
Orogen are thrust westward over the Sydney Basin (Figure 6.2). 
 
 
 
 
 
 
Figure 6.2: Hunter-Bowen Orogen passive collision schematic after Buckman et al. (2015). The intrusion of the 
gabbro pluton beneath the Lachlan Fold Belt (beige) continues. Sedimentation begins in the Sydney-Bowen 
Basin (light green) begins to spread as rollback occurs from the subduction zone.  
 
 
With the Hunter-Bowen Orogeny occurring at the Permo-Triassic boundary (Figure 6.3), 
there was a marked change in sedimentation (Hayes and Ringis 1973). The Permian shallow 
marine volcanoclastic sandstones gave way first to a regressive coastal plain/swamps facies 
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and then in the Triassic to the extensive Hawkesbury sandstone of quartz sandstones 
deposited in an extensive fluviatile system (Hayes et al. 1973; Morley et al. 1981; Barry 
1997). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Hunter-Bowen Orogen passive collision schematic after Buckman et al. (2015). The intrusion of the 
gabbro pluton beneath the Lachlan Fold Belt (beige) are now settled. Sedimentation continues in the Sydney-
Bowen Basin (light green) as it begins to migrate to the southeast. The pluton will travel along with the 
evolution of the basin. 
 
 
 
The gabbro pluton comprises of various types of gabbroic xenoliths documented in thin 
section. Abundance of mafic and ultramafic xenoliths of gabbros, mantle dunite, gabbro-
peridotite and metasedimentary rocks were documented. The chemical classification of the 
gabbro and diorite samples compliment the petrographic analysis indicating these rocks are 
olivine-bearing lithologies of olivine + pyroxene + plagioclase with igneous textures 
(Chapters 3 and 4).  Chemical disequilibrium between the gabbro and host rock is indicated 
by the presence of plagioclase. Plagioclase is seen within non-cognate xenoliths exhibit 
twinning deformation likely to represent an older host rock disrupted by passage of the dyke 
matrix. This suggests high temperature metamorphism with turbidite-rich quartzites deriving 
from the Lachlan Fold Belt. According to the literature, the pluton belongs to a much larger 
gravity anomaly that travelled southeast under the Sydney Basin during its evolution. The 
gabbro xenoliths yield a Carboniferous age of 303.8 ± 5.5 Ma. This age was acquired via the 
analysis of the composite sample (Chapter 5) in which euhedral large grains were targeted by 
zircon U-Pb dating. This age fits the geological setting of the gravity anomaly (see below) 
where multiple units within the Hunter-Bowen Orogen exhibit similar ages seen within the 
Sydney back-arc basin of the Gondwana proto-arc (Figure 6.1). 
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     6.2.2 Gravity Anomaly 
Situated within the upper crust an approximate 12 km thick pluton has been previously 
classified as a gravity anomaly (Qureshi 1984) modelled in the Illawarra part of the southern 
Sydney Basin (Figure 6.4). This gravity anomaly, primarily mafic in composition is part of an 
elongated belt stretching more than 1200 km long and approximately 50 km wide. The 
anomaly is attributed to the Meanderra Gravity Ridge within the Bowen Basin (Murray et al. 
1989). The Meanderra Gravity Ridge lies along the axis of the Sydney-Bowen Basin 
coinciding with a maximum site of Permo-Triassic sedimentation (Taroom Trough) (Murray 
et al. 1989) in the foreland basin behind the New England Orogen (Figure 6.1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.4: Gravity high under the Sydney Basin modelled by Qureshi (1984). The anomaly shows its suspected 
source on natural scale. The broken line (green) indicated a dip of 53° due to the best straight line fitting the 8 
points on the steep portion marking the basement fault inferred underlying the Lapstone Monocline. Broken 
lines (green) to the east show that this side was formed in a series of steep faults. 
 
 
This evidence is related to the rifting and basin formation at the beginning of the Permian 
(Qureshi 1984; Murray et al. 1989) in which the Hunter-Mooki Thrust system separates the 
ridge from the New England Fold Belt (Figure 6.2). Granitoid plutons within the Gunnedah-
Bowen Basin give ages within close proximity to the dated Carboniferous magmatic gabbro-
peridotite xenoliths. Dates acquired from Geoscience Australia postulate the Tamby Creek 
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Formation at 303 ± 2.4 - 300 ± 2.4 Ma and within the northern Lachlan Fold Belt the 
Currabubla Formation at 302 ± 2.4 - 293 ± 4 Ma and the Gunnedah Volcanics at 300 ± 8 - 
256 Ma. These ages correspond with the Permian rifting of the Carboniferous arc and fore-
arc of the Tamworth Belt (Collins 1991) as subsidiary meridional throughs within the back-
arc environment led to the creation of the Sydney Basin to the southeast.  
 
6.3 Palaeozoic Volcanic Events 
 
The Kiama/Bombo region underwent an extensive degree of volcanism throughout the 
Palaeozoic. Activity during the Jurassic saw alkali basaltic episodes during the break-up of 
the eastern fringe of Gondwana (Wellman and McDougall 1974). The Permian Bumbo latite 
flow dominants the Kiama region with maximum flows up to 150 m thick (Carr 1984; Carr 
1998). There are debates surrounding the flow direction and source of the Bumbo latite in the 
Kiama/Bombo area. A flow direction from the west-southwest is suggested by thickening of 
the Bumbo latite in the west, possibly pointing to an eruption from Saddleback Mountain 
(Bull et al. 1989; Carr et al. 2001, Figure 2.1). Palaeosols at Saddleback Mountain indicate a 
subaerial environment. Campbell et al. (2001) interpreted the Bumbo latite flows as having 
been erupted from the subaerial and subaqueous slopes and fissures or vents of a shield 
volcano  ~ 10 km offshore, from which they suggested the volcanic source was located to the 
south-southeast of Kiama (Gerringong Volcanic Complex). In accordance to the magmatic 
centre it has been postulated that a singular magma chamber is the origin source, lying 
directly under the Illawarra. This chamber is large enough to the supply magma farther south 
to the volcanic source near Termeil in the southern Sydney Basin. Therefore, one of three 
eruptive centres linked to the chamber is located in the Kiama region (Harper 1915; Carr 
1984). This chamber is source attributed to volcanism events related to the host rocks within 
the region. 
 
Jurassic activity is suggested as the source of dyke intrusion with inclusions of mantle-
bearing xenoliths. At this time period, Bombo is located within the back-arc to foreland 
Sydney Basin of the Gondwanan proto-arc seen in Figure 6.5. According to the literature two 
ages have been acquired on the dyke, ~ 191 Ma by Rb/Sr dating (Wass and Shaw 1984) and 
200 ± 3 Ma obtained by K/Ar dating (Sutherland et al. 1985). Jurassic emplacement of the 
dyke is evidence of high heat flow (Wass and Shaw 1984) which is complimented by the 
petrographic and geochemical analyses (Chapters 4 and 5). The high heat flow demonstrated 
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by the dykes (Wass and Shaw 1984) is a precursor to the opening of the Tasman Sea. 
Magmatic xenoliths acquired from the dyke were targeted for U-Pb dating within a singular 
pink gabbro/syenite xenolith seen in thin section (Chapter 3). Exhibited in globular form the 
gabbro/syenite suggests melting within the magma or was a felsic magma liquid at the same 
time as the mafic dyke matrix magma. The gabbro/syenite xenolith is a rare occurrence 
within the samples. The dyke magma yields a Jurassic age of 204.6 ± 4.6 Ma giving the 
maximum age on the dyke.
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Figure 6.5: Schematic diagram of Bombo Headland. The diagram illustrates the locality of Bombo Headland in real world perspective showing the location of the studied 
Jurassic dyke (red) in relation to the underlying Carboniferous gabbroic pluton. INSET: map showing the formation of the pluton within the Gondwanan proto-arc, as 
spreading continued into the Sydney Basin back-arc at the Carboniferous-Permian boundary.
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Figure 6.6: Schematic diagram of xenolith origin. The diagram illustrates the location of the dyke emplacement during the Jurassic relating to the gabbro pluton. Origin 
sources of the three xenoliths are show; magmatic xenoliths derive from the Carboniferous pluton, layered gabbro xenoliths derive from the Lachlan Fold Belt and the mantle 
xenoliths have been accumulated up from the Jurassic dyke. NOTE: schematic is not to scale.
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6.4 Source of Xenoliths 
Abundant xenoliths of wide variance exhibit different generations of olivine and gabbro 
inclusions deriving from the mantle via dyke intrusion and accumulation from the mafic 
gabbro pluton. The difference in #Mg recorded across all olivine-bearing crystals signifies 
three sources of origin (Figure 6.6). The olivine-bearing xenoliths are derived from one 
source. Most magnesian are olivine xenocrysts as aggregates which are interpreted at mantle 
dunite seen within the thin sections (Chapter 3). Intermediate #Mg olivines are layered 
gabbros accumulated as the dyke intruded into the Lachlan Fold Belt and the lowest #Mg 
olivines are magmatic xenoliths accumulated up from the gabbro pluton at the time of dyke 
emplacement.  
 
These olivines represent an iron-rich suite (Figure 6.7). This suite contains ferrodiorites and 
gabbros which correspond to the gabbro and diorite samples. The potential of minor crustal 
contamination is likely as high K2O/Na2O were recorded indicating contamination and/or 
interaction with the base of the (thinning) Lachlan crust (Chapter 4). This is complimented by 
the AFM diagram (Chapter 4) demonstrating the iron-enrichment trend in which the gabbro 
and diorite samples plot in the tholeiite series by decompression melting and not calc-alkaline 
fluid fluxing of mantle in arc related setting. This is consistent with textural evidence of Fe-Ti 
oxides and late crystallization examined in the thin sections (Chapter 3). These xenoliths are 
interpreted as mantle dunite deriving from the Jurassic dyke.  
 
Layered gabbro xenoliths including gabbro-peridotite and metasedimentary rocks derived 
from the Lachlan Fold Belt metasediment of the Gondwanan proto-arc. The Hunter-Bowen 
Orogen during the Carboniferous-Permian boundary was subjected to high temperature 
metamorphism in which a relict eclogite had been extensively pseudomorphed by chlorite. 
This inclusion is the first discovery of relict eclogite to be recorded at Bombo. 
 
Magmatic xenoliths derived from the gabbro pluton include the gabbro/syenite inclusion.  As 
a result of anhydrous melting there are lack of negative Nb and Ti anomalies (Chapter 4). The 
linear trend of Zr-Ti-Y i.e. no negative Ti and Nb anomalies relative to lanthanum and 
thorium are typical of adiabatic decompression melting, not fluid-fluxing as seen in arcs (Gill 
2010). The Bombo Carboniferous-Permian gabbros and diorites are most congruent with 
OIBs (alkali basalts). This signature is consistent with the gabbros and diorites being related 
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to decompression melting with rifting at the Gondwanan margin at the Carboniferous-
Permian boundary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: Evolutionary scheme for the iron-rich suite of ferrodiorites and gabbros adapted from Nutman et al. 
(1984). This diagram represented the majority of the Bombo samples with minor crustal contamination. 
 
 
The first discovery of a relict eclogite was recorded in thin section (Chapter 3). The textural 
evidence indicates the singular garnet crystal had been extensively pseudomorphed by 
chlorite. The altered garnet is in association with an intergrown network of clinopyroxene and 
altered plagioclase. Texturally this resembles eclogitic decompressed omphacitic 
clinopyroxene. Upon high temperature the omphacite underwent exsolution into low Na-Al 
clinopyroxene and plagioclase. The high temperature metamorphism is indicative of the 
passive arc collision and subduction zone within the Hunter-Bowen Orogen during the 
Carboniferous-Permian boundary.
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Chapter Seven- Conclusions and Recommendations 
 
7.1 Conclusions 
 
Based on the results from previous chapters, data from the literature and discussion above, 
the following conclusions have been drawn: 
i. The basalt dyke at Bombo Headland intruded through the Permian Bumbo latite 
during a continuous period of volcanic activity throughout the Jurassic. Igneous 
activity was fed from a single large magma chamber below the Illawarra. Jurassic 
magmatism may have been a precursor to the opening of the Tasman Sea.  
ii. The gravity high anomaly under the Illawarra may be a result of the gabbroic pluton. 
This pluton is traced back to the initial sedimentation within the Sydney Basin back-
arc at the Carboniferous-Permian boundary. The mafic composition of the pluton is 
the result of mafic intrusives within the basement of the Gunnedah Volcanic Basin. 
This is confirmed by widely variable gabbroic xenoliths documented within the thin 
sections.  
iii. The gabbro and diorite samples comprise of mafic and ultramafic xenoliths of 
gabbro/syenite, gabbro-peridotite, mantle dunite and monzonite, with minor amounts 
of eclogite, metasedimentary rocks and granitoid clasts plus individual xenocrysts. 
Crystals of olivine, alkali-feldspar and hornblende-rich cognate inclusions were 
interpreted as large phenocrysts. 
iv. The first discovery of a relict eclogite is recorded at Bombo Headland. This was 
detected in an exploratory thin section of the dyke, near the start of the project. 
Textural evidence indicates the single euhedral garnet crystal had been extensively 
pseudomorphed by chlorite. The altered garnet is in association with an intergrown 
network of clinopyroxene and altered plagioclase. Texturally this resembles eclogitic 
decompressed omphacitic clinopyroxene. Upon high temperature the omphacite 
underwent exsolution into low Na-Al clinopyroxene and plagioclase. The high 
temperature metamorphism is indicative of the passive arc collision and subduction 
zone within the Hunter-Bowen Orogen during the Carboniferous-Permian boundary. 
v. In course of EDS exploration of the selected areas subjected to SEM study, chemical 
analysis of three types of olivine were collected; euhedral olivines in textural 
equilibrium with the dyke matrix, olivine within gabbro xenoliths and olivine within 
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polycrystalline aggregates showing evidence of reaction with the dyke magma. Most 
magnesian are olivine as aggregates, which show textural evidence of reaction with 
dyke magma. These are interpreted as small fragments of mantle dunite. Intermediate 
#Mg olivines are most abundant in the dataset and occur in the gabbro xenoliths. 
Lowest #Mg olivines are euhedral phenocrysts within the dyke that are in textural 
equilibrium with their matrix. 
vi. The U-Pb dating of zircons from the gabbro and diorite samples produced the first 
definitive age on the basalt dyke. The leucocratic gabbro/syenite xenolith produced a 
Jurassic age of 204.6 ± 4.6 Ma. This gives the absolute maximum age of the dyke. 
Given the rounded cognate appearance of this xenolith the age might coincide with 
the age of the dyke itself. The dyke is significantly younger (> 50 million years) than 
the Bumbo latite it cuts, and is clearly younger than the Permian volcanic activity. 
vii. The U-Pb dating of zircons from a ‘random’ composite sample of the gabbro and 
diorite samples are interpreted to be derived from the gabbroic-peridotite xenoliths 
that dominate the sample. They have an age of 303.8 ± 5.5 Ma. This indicates that 
this xenolith suite is dominated by Upper Carboniferous-Lower Permian gabbro 
derived from a layered pluton beneath the Sydney Basin at Bombo. The three older 
rounded detrital grains of Carboniferous age are likely derived from Lachlan Fold 
Belt rocks in the deep crust. 
 
7.2 Recommendations 
 
In addition to the preliminary investigations provided in this project, there is still further work 
that could be carried out to enhance the datasets of various mineral assemblages within the 
gabbro and diorite samples. As this project is the first investigation on the in-situ dykes and 
profiling the age and provenance of xenoliths, more analytical work can be done in order to 
understand the evolution of the igneous textures within the samples. In order to enhance the 
dataset of this project it is recommended to perform Laser Ablation-ICP-MS analysis for 
trace elements on the zircons from the dyke material in order to find grains with mafic REE 
patterns as these will correspond to rock protolith.  
Further petrographic analysis is recommended with more thin sections to be made. The 
analysis in this project provided detailed textural evidence of multiple xenolith assemblages 
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including the first discovery of the relict eclogite amongst various gabbros, monzonites and 
magmatic kaersutite within olivine-bearing lithologies of olivine + pyroxene + plagioclase. 
With further analysis a more comprehensive investigation on the xenoliths would enhance the 
potential of discovering more eclogite as well as gabbros and other igneous textural 
assemblages. 
Further SEM-EDS analyses performed on all thin sections (only twelve spot analyses on six 
thin sections were conducted for this project). With more petrographic thin sections used for 
SEM-EDS a comprehensive microstructural examination of features within rocks and 
minerals (Goldstein et al. 1992). As this project is the first analytical investigation of the 
Bombo in-situ dykes and profile of the age and provenance of xenoliths the recommendations 
provided would enhance the dataset carried out in this investigation to assess the continuity of 
Lachlan zones and deep crustal-upper mantle structure under the Sydney Basin. 
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 Appendix A- Field Measurements 
Phenocrysts 
Measurements and descriptions of phenocrysts located within the Bumbo latite. 
 
Table 1: Comparison of the phenocrysts’ located at the northern and central areas of Bombo Headland. 
 
Phenocrysts Measurements 
(cm) 
Comments/Observations 
Plagioclase 2.8 20 measurements were taken of plagioclase phenocrysts at the 
northern and central areas of the headland. 
Phenocrysts are whitish-grey, containing k-feldspar crystals. 
Phenocrysts’ are widespread throughout the northern and central 
areas of Bombo. 
Smallest measurement is 1.2 cm. 
Largest measurement is 5.3 cm. 
Average size = 2.8 cm. 
2.1 
2.1 
3.5 
3.3 
2.3 
1.8 
1.8 
1.8 
1.2 
2.3 
3.9 
1.9 
2.6 
2.9 
5.3 
2.4 
2.8 
4.1 
4.4 
Pyroxene 2.3 20 measurements were taken of pyroxene phenocrysts at the northern 
and central areas of the headland. 
Phenocrysts are metallic grey lustre.  
Phenocrysts’ are widespread throughout the northern and central 
areas of Bombo. 
Smallest measurement is 1.1 cm. 
Largest measurement is 5.0 cm. 
Average size = 1.9 cm. 
1.3 
2.1 
1.5 
1.7 
1.6 
5.0 
1.1 
1.8 
1.4 
1.8 
1.2 
1.1 
2.0 
2.1 
1.8 
1.5 
1.9 
4.0 
1.1 
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Figure 1: Plagioclase phenocrysts indicating the size relative to the Bumbo latite in (A), (B), (C) and (D). 
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Figure 2: Plagioclase phenocrysts indicating the size relative to the Bumbo latite in (A) and (B). 
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Figure 3: Pyroxene phenocrysts indicating the size relative to the Bumbo latite in (A) and (B). 
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Breccia Clasts 
Measurements and descriptions of breccia clasts located between the Bumbo latite and Kiama 
sandstone. 
 
Table 2: Comparison of the Breccia clasts located at the southern area of Bombo Headland. 
 
Measurements 
(cm) 
Comments/Observations 
4.6 Breccia unit is located at 34° 39’ 7.07” S/150° 51’ 45.95” E. 
Breccia clasts are a mixture of rocks, lava fragments which are composed of chlorite 
(green), zeolite (white) and haematite (red-brown).  
25 measurements of the clasts were taken at the northern part of the southern end of 
the headland. 
Clasts are angular pieces of basalt within a smoother matrix (cement). 
The zeolite has formed on top. 
The sequence of flow or deposited suggests the shape of a pipe. 
Smallest measurement is 2.1 cm. 
Largest measurement is 13.0 cm. 
Average size = 6.6 cm. 
 
 
 
11.5 
3.1 
5.7 
4.4 
13.0 
3.3 
6.0 
5.2 
3.4 
8.1 
4.9 
7.5 
6.2 
5.1 
5.3 
7.6 
5.4 
10.1 
11.3 
9.2 
9.7 
2.1 
5.0 
9.3 
4.9 
8.1 
8.2 
2.9 
6.8 
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Figure 3: Breccia clasts present within the volcanic Breccia unit in (A), (B), (C) and (D).
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Vesicles 
Measurements and descriptions of vesicles located in the Bumbo latite outcrop near close to 
the Breccia unit. 
 
Table 3: Comparison of the vesicles within the Bumbo latite at the northern area of the southern end of Bombo. 
 
Measurements 
(cm) 
Comments/Observation 
3.4 Vesicles in the Bumbo latite is located at 34° 39’ 7.03” S/150° 51’ 46.62” E. 
The vesicles are reddish-brown in colour indicating iron oxide. 
25 measurements of the vesicles were taken at the northern part of the southern end of 
the headland. 
The vesicles indicate the flow of the lava. 
Vesicles are elongated in shape and tiny in size. 
< 50% of vesicles are in ~ 20% of rock. 
Smallest measurement is 0.1 cm. 
Largest measurement is 4.1 cm. 
Average size = 1.5 cm. 
0.8 
2.8 
2.5 
2.3 
1.4 
1.3 
2.3 
0.9 
4.1 
1.2 
1.6 
0.8 
2.0 
1.9 
0.6 
2.7 
1.8 
0.1 
1.0 
0.7 
1.1 
0.3 
1.1 
0.2 
1.1 
0.6 
1.7 
2.4 
1.2 
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Figure 5: Vesicles (gas bubble) within the Bumbo latite. Evident iron oxides (red) are abundant in the matrix. 
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Table 4: Comparison of the 9 dykes on Bombo; including description and characteristics. 
 
Dyke 
No. 
Type Orientation Strike GPS 
Coordinates 
Direction/Trend Characteristics 
1 Basalt 
(Olivine) 
Magmatic S.51 E. 34° 38’ 57.39” S 
150° 51’ 53.49” E 
Northwest-
Southeast 
 Northernmost dyke located on second shelf, coming through smaller latite wall. 
 Dyke is ~ 73 metres in length and ~ 1.2 metres in width. 
 Deep green in colour. 
 Amygdaloidal and mostly altered. 
 Inclusions of serpentine after olivine and augite in abundance.  
 Augite crystals moderately occur in aggregations (light purple). 
 Augite crystals exhibit apparent alteration into biotite. 
2 Basalt 
(Olivine) 
Magmatic S.59 E. 34° 38’ 58.17” S 
150° 51’ 54.42” E 
Northwest-
Southeast 
 Located on second shelf, and does not come through the latite wall; much smaller. 
 Dyke is ~ 48 metres in length and ~ 0.8 metres in width.  
 Deep green in colour. 
 Amygdaloidal and mostly altered. 
 Inclusions of serpentine after olivine and augite in abundance.  
 Augite crystals moderately occur in aggregations (light purple).  
 Augite crystals exhibit apparent alteration into biotite. 
3 Basalt 
(Olivine) 
Magmatic S.63 E. 34° 39’ 0.54” S 
150° 51’ 53.37” E 
Northwest-
Southeast 
 Located on the southern end of the first inlet. 
 Dyke is ~ 40 metres in length and ~ 1.6 metres in width. 
 Altered green to brownish colour. 
 Evident jointing. 
 Altered olivine and augite phenocrysts. 
 Presences of biotite with unusual areas of altered leucite. 
4 Basalt 
(Olivine) 
Magmatic S.81 E. 34° 38’ 0.85” S 
150° 51’ 53.14” E 
East-West  Located south of Dyke no.3; very long dyke that continues to the west. 
 Dyke is ~ 115 metres in length and ~ 1.2 metres in width.  
 Altered green to brownish colour. 
 Evident jointing. 
 Altered olivine and augite phenocrysts. 
 Presences of biotite with unusual areas of altered leucite. 
5 Basalt 
(Dolerite) 
Magmatic S.64 E. 34° 39’ 2.03” S 
150° 51’ 47.77” E 
Northwest-
Southeast 
 Located south of Dyke no.4;  
 Dyke is ~ 46.6 metres in length and ~ 0.5 metres in width. 
 Black in colour. 
 Doleritic texture. 
 Small feldspar crystals scattered in abundance. 
 Uneven fracture. 
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6 Basalt 
(Olivine)  
Magmatic  
 
S.62 E. 34° 39’ 2.83” S 
150° 51’ 45.43” E 
Northwest-
Southeast 
 Located south of Dyke no.5; very small dyke, just intruding through the wall. 
 Dyke is ~ 16.6 metres in length and a maximum of ~ 7.5 centimetres in width.  
 Deep green to black colour. 
 Amygdaloidal and mostly altered. 
 Inclusions of serpentine after olivine and augite in abundance.  
 Augite crystals moderately occur in aggregations (light purple).  
 Augite crystals exhibit apparent alteration into biotite. 
7 Basalt 
(Olivine)  
Magmatic S.61 E. 34° 39’ 2.89” S 
150° 51’ 45.20” E 
Northwest-
Southeast 
 Located south of Dyke no.6; intruding through the wall, this dyke is the most famous and 
visible on the headland. 
 Dyke is ~ 19.3 metres in length and ~ 1.4 metres in width.  
 Deep green to black colour. 
 Amygdaloidal and mostly altered. 
 Inclusions of serpentine after olivine and augite in abundance. 
 Deep green in colour. 
 Amygdaloidal and mostly altered. 
 Inclusions of serpentine after olivine and augite in abundance, and smaller inclusions of 
plagioclase, feldspar and pyroxenites. 
 Augite crystals moderately occur in aggregations (light purple).  
 Augite crystals exhibit apparent alteration into biotite. 
8 Basalt 
(Olivine) 
Magmatic S.57 E. 34° 39’ 3.55” S 
150° 51’ 44.67” E 
Northwest-
Southeast 
 Located south of Dyke no.7; very small dyke, just intruding through the wall. 
 Dyke is ~ 2.9 metres in length and ~ 15 centimetres in width.  
 Deep green to black colour. 
 Amygdaloidal and mostly altered. 
 Inclusions of serpentine after olivine and augite in abundance.  
 Augite crystals moderately occur in aggregations (light purple).  
 Augite crystals exhibit apparent alteration into biotite. 
9 Basalt?  Magmatic ---- 34° 39’ 4.71” S 
150° 51’ 42.47” E 
East-West  Located south of Dyke no.8; in gully (second inlet). The dyke is unseen and is projected to 
run east-west. 
 Dyke cannot be measured for length and width. 
 Samples were collected within the debris. 
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Figure 6: Photograph (a) showing Dyke no.1, (b) Dyke no.2, (c) Dyke no.3 all trending NW-SE and (d) Dyke 
no.4 trending east-west. All dykes are olivine-basalt with xenolith abundance of serpentine after olivine and 
augite. 
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Figure 7: Photograph (a) showing Dyke no.5, (b) Dyke no.6, (c) Dyke no.7 and (d) Dyke no.8 all trending NW-
SE. Dyke 5 is a dolerite dyke while dykes 6, 7 and 8 are olivine basalt in composition. 
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Figure 8: Photograph (a) showing the location of proposed Dyke no.9 within a gully of the second inlet on 
Bombo Headland. The dyke is projected to have an east-west trend. Mass latite debris in foreground is where 
the loose block samples were collected for this study. 
 
 
 
 
 
 
 
 
 
116 
 
 
 
 
 
 
Appendix B- 
Sample Description 
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Appendix B- Sample Description 
Block Samples 
Two loose sample blocks A and B were partitioned into 5 approximate 2.5cm sections, 
making a total of 10 sections. 
 
 
 
 
 
 
 
 
 
 
Figure 1: Block sample cut into sections showing A1 (A), both sides of A2 (B) and (C), both sides of A3 (D) 
and (E). 
 
118 
 
 
Figure 2: Block sample cut into sections showing both sides of A4 (A) and (B), both sides of A5 (C) and (D), 
B1 (E) and one side of B2 (F). 
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Figure 3: Block sample cut into sections showing one side of B2 (A), both sides of A3 (B) and (C), both sides of 
B4 (D) and (E) and one side of B5 (F). 
 
 
120 
 
Table 1: Summary of minerals present with first reconnaissance identification of the block samples. 
 
Mineral Observed 16BHA1 16BHA2 16BHA3 16BHA4 16BHA5 16BHB1 16BHB2 16BHB3 16BHB4 16BHB5 
Amphibole                  
Basalt Xenolith              
Biotite                 
Syenite             
Hornblendite                
K-Feldspar                
Metasediment                    
Melt               
Olivine               
Plagioclase              
Pyrite              
Pyroxenite                     
Rock Fragment                 
Quartzite             
Trachyte             
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Appendix C- 
Hand-held XRF Results 
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Table 1: Hand-held XRF whole rock major and trace element data for each section of loose block obtained from the Bombo locality.
Major 
Element 
(wt. %) 
BHA1.1 BHA1.2 BHA1.3 BHA1.4 BHA2.1 BHA2.2 BHA2.3 BHA2.4 BHA3.1 BHA3.2 BHA3.3 BHA3.4 BHA3.5 BHA3.6 BHA3.7 
SiO2 70.67 30.13 39.35 43.99 90.81 40.05 50.2 54.82 51.26 43.92 50.08 49.07 48.1 56.6 42.07 
TiO2 0.94 2.27 2.26 2.84 0.89 2.86 2.88 1.69 2.31 2.7 2.94 2.6 2.55 2.32 2.17 
Al2O3 4.85 9.18 8.77 9.85 2.97 10.91 10.78 11.79 12.17 11.22 11.3 7.47 10.23 13.99 9.35 
MnO 0.09 0.22 0.35 0.24 0.06 0.22 0.17 0.15 0.21 0.19 0.21 0.23 0.19 0.16 0.23 
Fe2O3 4.98 5.59 12.96 13.29 2.54 16.68 10.26 8.75 12.48 14.16 14.31 12.9 14.8 11.6 12.75 
CaO 13.55 17.88 23.04 15.96 9.18 15.98 16.64 10.33 13.29 17.32 13.53 17.48 13.97 10.85 16.65 
K2O 1.36 1.11 1.97 2.73 0.62 1.52 2.17 2.77 2.74 2.42 2.12 3.95 1.68 2.99 4.46 
Zr 105.6 255.51 291.66 392.25 65.06 316.22 319.15 247.62 548.34 328.02 335.19 133.72 266.26 287.94 269.17 
Trace 
Elements 
(ppm) 
               
V 90.74 278.98 330.6 165.83 104.59 230.85 211.54 118.92 207.67 224.75 330.71 193.34 320.38 197.73 154.63 
Cr 89.38 401.24 287.51 < LOD < LOD 283.29 505.51 156.19 264.53 285.38 365.54 573.33 570.89 196.73 250.62 
Ni 83.69 352.66 464.55 237 66.36 289.37 196.24 141.23 192.71 248.11 348.91 225.05 426.42 204.73 393.76 
Zn 30.42 132.54 101.86 113.91 13.35 116.55 86.6 59.7 101.33 113.35 132.25 70.98 110.81 98.73 85.01 
Rb 11.55 18.92 25.28 30.85 2.2 30.19 28.08 32.15 31.24 35.86 25.01 13.81 15.6 36.81 36.25 
Sr 379.01 429.99 2143.92 3374.36 167.22 581.89 2430.4 751.86 1974.8 1147.7 1643.95 400.97 1081.66 3379.78 901.8 
Nb 18.62 59.76 65.81 81.78 7.42 72.24 59.17 25.22 71.62 72.94 78.61 17.91 61.99 55.35 46.83 
Ba 625.39 880.23 1610.01 1948.3 529.13 914.65 1173.66 803.96 1428.64 1417.03 1142.3 1019.33 869.91 4351.12 757.24 
Pb 14.80 < LOD 9.54 15.56 12.34 11.72 9.13 10.89 12.15 10.62 < LOD < LOD < LOD < LOD < LOD 
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Table 1: (continuation) Hand-held XRF Whole rock major and trace element date for each section of loose block obtained from the Bombo locality. 
Major 
Element 
(wt. %)  
BHA3.8 BHA3.9 BHA5.1 BHA5.2 BHA5.3 BHA5.4 BHA5.5 BHA5.6 BHA5.7 BHA5.8 BHA5.9 BHA5.10 BHA5.11 BHA5.12 BHB5.1 
SiO2 49.82 47.34 34.01 49.73 44.47 57.37 43.65 44.79 65.92 43.1 49.49 56.25 41.53 49.67 51.81 
TiO2 0.99 1.95 2.64 2.4 1.93 1.21 1.39 3.56 0.53 1.77 0.35 1.85 2.28 2.87 0.3 
Al2O3 16.23 7.24 10.47 10.18 6.89 8.52 11.62 9.43 13.17 5.46 14.97 12.79 8.02 7.97 13.19 
MnO 0.12 0.17 0.32 0.24 0.22 0.13 0.18 0.2 0.06 0.19 0.09 0.13 0.22 0.22 0.08 
Fe2O3 6.34 10.42 39.07 12.38 13.32 7.8 9.71 15.88 3.2 10.98 5.37 7.29 13.85 12.18 2.22 
CaO 16.94 21.13 8.57 15.06 18.78 11.8 15.62 15.56 3.67 22.19 18.55 12.3 19.79 17.24 12.68 
K2O 1.76 0.88 1.1 1.64 1.06 1.31 1.22 1.43 6.15 0.93 1.19 3.45 0.9 1.39 2.35 
Zr 89.83 168.98 289.12 314.97 224.34 204.89 94.63 262.12 49.28 170.07 48.67 237.62 214.9 120.87 61.49 
Trace 
Elements 
(ppm) 
               
V < LOD 141.29 436.14 205.11 247.39 151.5 131.48 501.01 < LOD 181.48 < LOD 141.56 228.46 226.5 75.87 
Cr < LOD 1032.36 260.62 464.96 480.8 80.14 102.16 384.22 < LOD 798.45 < LOD 214.96 611.6 601.82 < LOD 
Ni 102.54 279.71 314.29 207.49 285.6 97.58 146.78 360.23 89.53 310.53 93.35 131.59 311.59 237.2 58.68 
Zn 55.49 46.30 233.71 87.88 87.4 47.61 45.41 120.71 22.42 62.2 52.1 44.21 76.29 75.3 38.02 
Rb 22 12.64 18.2 19.54 15.88 9.3 11.55 15.75 44.16 7.75 14.37 51.71 9.24 10.4 64.24 
Sr 851.94 622.61 1194.65 1515.97 810.13 519.17 896.65 855.02 6200.59 723.06 590.61 805.11 818.53 370.81 2251.25 
Nb 20.35 27.84 111.94 58.41 41.51 23.44 29.36 51.84 13.11 28.96 12.06 31.64 38.17 17.39 10.36 
Ba 1115.27 483.86 872.65 1056.69 700.21 686.09 565.82 1062.8 3957.24 538.04 915.21 847.96 764.61 862.86 344.9 
Pb 9.6 11.62 < LOD < LOD 9.2 11.1 11.26 < LOD < LOD 10.8 11.47 12.71 < LOD < LOD 9.12 
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Table 1: (continuation) Hand-held XRF Whole rock major and trace element date for each section of loose block obtained from the Bombo locality. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Major 
Element 
(wt. %)  
BHB5.2 BHB5.3 BHB5.4 BHB5.5 BHB5.6 BHB5.7 BHB5.8 BHB5.9 BHB5.10 
SiO2 73.86 75.05 84.23 54.86 64.77 41.42 44.01 42.87 56.12 
TiO2 0.63 0.12 0.05 1.64 0.36 1.77 2.4 2.33 1.42 
Al2O3 7.72 4.49 5.32 16.4 14.37 7.46 9.45 9.22 7.11 
MnO 0.07 0.06 0.06 0.13 0.13 0.24 0.2 0.24 0.17 
Fe2O3 3.75 5.73 3.24 8.93 2.7 17.04 14.65 13.66 13.66 
CaO 33.88 3.13 3.88 7.06 2.86 11.91 11.66 10.88 7.02 
K2O 1.09 1.17 1.17 2.34 7.25 1.07 1.86 2.38 1.28 
Zr 66.94 33.49 45.44 261.61 64.37 195.5 285.19 349.48 180.58 
Trace 
Elements 
(ppm) 
         
V 54.83 < LOD 23.8 211.78 < LOD 245.33 226.02 182.77 156.72 
Cr 95.35 < LOD < LOD 235.6 < LOD 665.26 370.02 246.86 523.94 
Ni 60.29 68.65 67.7 147.92 195.17 389.44 295.56 419.65 622.21 
Zn 20.35 16.74 12.57 83.86 29.99 99.51 108.53 129.55 97.3 
Rb 10.09 15.28 7.54 28.43 57.48 14.38 23.13 28.17 14.69 
Sr 411.77 131.22 142.81 848.02 9996.05 491.39 799.23 1302.76 622.55 
Nb 11.19 5.17 3.81 28.09 13.37 42.82 59.07 73.98 39.19 
Ba 405.59 311.07 187.41 1360.19 19095.95 695.69 1045.32 845.91 630.07 
Pb 10.05 < LOD 7.1 27.78 19.88 < LOD < LOD 12.59 < LOD 
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Figure 1:  Plot from Ewart (1982) of SiO2 v K2O values. Plot represents Hand-held XRF analysis data. 
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Figure 2:  Plot from Shervias (1982) of Ti v V values. Plot represents Hand-held XRF analysis data.
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Appendix D- 
SEM-EDS Results 
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Figure 1: Sample 16BHA4 SEM- EDS results. 
 
(a) Electron image of thin section from 16BHA4. (a1-a2) Discrete raster 
maps displaying the occurrence of Na and Ca within the sample 16BHA4. 
(b) Layered image of thin section 16BHA4. (b1-b3) Discrete raster maps 
displaying the occurrences of Al, Si and Mg within the sample 16BHA4.
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                               Weight (%) 
Label Spectrum 295 Spectrum 297 
C 60.06 54.95 
O 24.06 25.83 
Na 0.30 0.41 
Mg 1.25 1.47 
Al 0.66 0.86 
Si 5.69 6.96 
P  0.09 
S 0.18 0.15 
Cl 0.21 0.25 
Ca 3.84 4.99 
Ti 0.19 0.26 
Fe 3.04 3.79 
 Total 100.00 100.00 
Figure 2: SEM- EDS results for sample 16BHB1_3. 
 
(a) Electron image of thin section from 16BHB1_3. C, O and Si exhibit highest concentrations within sample. Peaks in C, Si and Ca are indicated with spectrum 
graphs 295 and 297. 
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Figure 3: Sample 16BHB1_5 SEM- EDS results. 
 
(a) Electron image of thin section from 16BHB1_5. (a1-a2) Discrete raster maps 
displaying the occurrence of Al and Fe within the sample 16BHB1_5. 
(b) Layered image of thin section 16BHB1_5. (b1-b3) Discrete raster maps 
displaying the occurrences of Ca, Si and Mg within the sample 16BHB1_5. 
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     Figure 4: SEM- EDS results for sample 16BHB3. 
 
    (a) Electron image of thin section from 16BHB3. Ti, Mg, S, Al, Fe and Ca    
         exhibit highest concentrations within sample. 
    (b) Layered image of thin section 16BHB3. 
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                                Weight (%) 
Label Spectrum 57 Spectrum 58 Spectrum 59 
C 2.77 3.16 2.91 
O 39.16 39.10 38.84 
Mg 12.53 12.62 12.81 
Al 20.30 19.71 19.50 
Si 4.86 5.15  5.29 
Ti 0.68 0.57 0.69 
Cr 1.35 1.21 1.26 
Fe 18.35 18.47 18.70 
 Total 100.00 100.00 100.00 
 
Figure 5: SEM- EDS results for sample 16BHB4. 
 
(a) Electron image of thin section from 16BHB1_3. C, O and Si exhibit highest concentrations within sample. 
Peaks in C, Si and Ca are indicated with spectrum graphs 295 and 297. 
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Figure 6: Sample 16BHB4_3 SEM- EDS results. 
 
(a) Electron image of thin section from 16BHB4_3. (a1-a2) Discrete 
raster maps displaying the occurrence of Ca and Ti within the sample 
16BHB4_3. 
(b) Layered image of thin section 16BHB4_3. (b1-b3) Discrete raster 
maps displaying the occurrences of Al, Mg and Si within the sample 
16BHB4_3. 
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Figure 7: SEM- EDS map spectrum results for olivine crystals in sample 16BHB2_2. 
 
                                                        (a) Map spectrum of Jurassic olivine.  
                                                        (b) Map spectrum of Carboniferous olivines. 
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Figure 8: SEM- EDS map spectrum results for the monzonite inclusion in sample 16BHB4_3. 
 
 
 
 
 
